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An Experimental Investigation of Gapwise Periodicity
and Unsteady Aerodynamic Response in
an Oscillating Cascade

I - EXPERIMENTAL AND THEORETICAL RESULTS
SUMMARY

Tests were conducted on a linear cascade of airfoils oscillating in pitch
to measure the unsteady pressure response on selected blades along the leading
edge plane of the cascade, over the chord of the center blade, and on the
sidewall in the plane of the leading edge. The tests were conducted at a
constant inlet velocity of 61 m/sec (200 ft/sec) for all 96 combinations of 2
mean camberline incidence angles (ayo; = 2 and 6 deg), 2 pitching amplitudes
(a = 0.5 and 2 deg), 3 reduced frequencies (k = 0.072, 0.122, and 0.151
based on semi chord), and 8 interblade phase angles (o = 0, * 45, % 90, # 135,
180 deg). The pressure data were reduced to Fourier coefficient form for
direct comparison, and were also processed to yield integrated loads and,
particularly, the aerodynamic damping coefficient. In addition, results from
the unsteady Verdon/Caspar theory for cascaded blades with nonzero thickness
and camber were compared with the experimental measurements.

The three primary results that emerged from this investigation were:
1) from the leading edge plane blade data, the cascade was judged to be periodic
in unsteady flow over the range of parameters tested, 2) as before, the inter-
blade phase angle was found to be the single most important parameter affecting
the stability of the oscillating cascade blades, and 3) the real blade theory
and the experiment were in excellent agreement for the several cases chosen
for comparison. These are felt to be particularly significant because 1) this
was the first known test of unsteady periodicity in cascade, and its verification
lends credence to the self-consistency of the data gathered herein, 2) the
cascade damping measurements continue to corroborate previous assessments
of the importance of interblade phase angle in controlling stability, and 3)
the mutual agreement of real blade theory and experiment represents an important
milestone because it establishes the validity of both.



INTRODUCTION

The use of linear cascades to investigate phenomena related to turbomachinery
blades has always been predicated on the ability of the rectilinear cascade to
model blades in an annular array. To this end, steady-state experiments have
customarily been devised with sufficient flow and geometric control to provide
a uniform, or periodic, flow behavior over as much of the cascade center
(i.e., the measurement region) as possible. Although this is desirable in
dynamic testing, as well, unsteady periodicity is not, as a rule, verified in
such tests. Virtually all of the unsteady cascade experiments reported on in
the open literature generate data on one or two blades near the center of the
cascade with no additional measurements away from the cascade center.

Several test programs have been undertaken in the United Technologies
Research Center (UTRC) Oscillating Cascade Wind Tunnel (OCWT) to measure the
unsteady loads on the center blade of an ll-blade cascade oscillating in pitch
(Refs. 1, 2, 3, 4). These tests, which have investigated the effects of
varying frequency, interblade phase angle, and incidence angle, have indicated
a strong cascading effect, influenced largely by changes in interblade phase
angle, on blade response. Our most recent published results (Ref. 4) have
shown that changes in interblade phase angle from negative values (backward
travelling waves) to positive values (forward travelling waves) lead to
instabilities, even under modest load. All tests previously conducted in the
OCWT have been at the (relatively) large amplitude of & = 2 deg, and the
mean camber line incidence angle has been representative of modest to high
loading (®yq; 2 6 deg). Furthermore all measurements have been made
only on the center blade of the cascade, with no opportunity to verify dynamic
periodicity.

The research program just completed had a three-fold objective, addressing
the three limitations of previous experimental programs. The specific major tasks
undertaken in this experiment and reported on herein were:

1) to examine the gapwise periodicity of the steady and unsteady blade
loads under a variety of conditions;

2) to determine the effect of a smaller pitching amplitude on the unsteady
response;



3) to examine the effects of steady loading on the unsteady response
by performing these tests at both low and modest incidence angles.

In addition, comparisons with an advanced unsteady theory for thick, cambered
airfoils were made, and unsteady intergap pressure measurements were made
along the leading edge plane. Details of this study will be found in the
subsequent sections of this report.



LIST OF SYMBOLS

Note: Equation or figure numbers refer to the defining relationship
or to the first use of the given symbol

A area under f£(§), Eq. (11)

C general amplitude or coefficient, Eq. (31)

Cy moment coefficient per unit amplitude, positive nose up, Eq. (10)

Cx normal force coefficient per unit amplitude, positive up (toward
suction surface), Eq. (9)

Cp unsteady pressure coefficient per unit amplitude, Eq. (1)

Cy work coefficient, Eq. (15)

c airfoil chord, m, Eq. (52)

ACp unsteady pressure difference coefficient per unit

amplitude, Eq. (5)

F periodic function, Eq. (21)

f frequency, Hz, or function to be integrated, Eq. (11)

J maximum number of Gaussian integration statioms, Eq. (11)

j Gaussian integration integer, Eq. (11)

k reduced frequency, = cw/2V, Eq. (52), or harmonic integer,
Eq. (21)

M Mach number, Eq. (52)

n blade number, Eq. (38)

P pressure, newton/mz, Eq. (1)

q dynamic pressure, newton/mz, Eq. (48)

t time, sec, Eq. (1)
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LIST OF SYMBOLS (Cont'd)

velocity, m/sec, Eq. (48)

Gaussian integration weighting coefficients, Eq. (11)
chordwise blade coordinate, positive aft, m

normal blade coordinate, positive toward suction surface, m
total pressure loss coefficient, Fig. 11

Gaussian interval multiplier, Eq. (13)

pitching angle, positive nose up, deg, Eq. (3)
pitching amplitude, deg, Eq. (1)

mean camberline incidence angle, positive nose up, deg
theoretical incidence angle, positive nose up, deg
inlet angle, deg, Fig. 2

mean camber line stagger angle, Eq. (52) or Fig. 2
phase angle, deg or radian, Eq. (32)

eccentricity, Eq. (46)

gap fraction, Fig. 8

response phase angle relative to motion, deg or radian,
Eq. (41)

flow turning angle, deg, Fig. 11
integer, Eq. (52)

aerodynamic damping parameter, Eq. (19)



LIST OF SYMBOLS (Cont'd)

1 Gaussian coordinate distance, Eq. (11)
Py air density, newton secZ/m“, Eq. (48)
o interblade phase angle, positive for forward traveling wave,

deg or radian, Eq. (38)

T slant gap, m, Eq. (52)

by moment phase angle, deg or radian

éN normal force phase angle, deg or radian

¢p pressure phase angle, deg or radian, Eq. (4)

°Ap pressure difference phase angle, deg or radian, Eq. (8)

X dimensionless distance along chord, positive aft, Eq. (1)
Xp pivot axis location, Eq. (10)

] general phase angle, deg or radian, Eq. (31)

w frequency of oscillation, rad/sec, Eq. (2)

Subscripts, superscripts, and special symbols
(), actual value, Eq. (46)

( )1 imaginary part, Eq. (2)

( )j jth Gaussian station, Eq. (11)

( )k kth harmonic, Eq. (21)

( )y lower or pressure surface, eq. (5)

(), nominal value, Eq. (46)
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LIST OF SYMBOLS (Cont'd)
real part, Eq. (2)
sidewall
upper or suction surface, Eq. (5)
blade n, Eq. (35)
adjusted gapwise value
amplitude, Eq. (2)

real part of {} , Eq. (15)



EXPERIMENTAL EQUIPMENT AND PROCEDURES

Oscillating Cascade Wind Tunnel and Air Supply

The experimental program was carried out in the UTRC linear subsonic
Oscillating Cascade Wind Tunnel (OCWT) which is shown schematically in Fig. 1.
The test section of this facility is 25.4 cm (10 in) wide and 68.6 cm (27 in)
high, and the sidewall configuration is currently arranged to accept 11
shaft-mounted blades in cascade. The bearing mounts for these blades are
equally placed along a line making a 30 deg angle with respect to the tunnel
floor, and hence the sidewall stagger angle of the OCWT is nominally 30 deg.
Actual blade stagger angles can be varied according to the configuration and
blade orientation. The distance between blade shaft centers along the stagger
line is 11.43 em (4.5 in).

Sidewall boundary layer slots are located 34.29 cm (13.5 in) ahead of and
parallel to the bearing mount locus line. For a 15.24 cm (6 in) chord blade
pivoted at its midchord the slots are 26.67 ecm (10.5 in) (or 1.75 chord
lengths) ahead of the locus of blade leading edges. Similar slots are located
in the tunnel ceiling above the uppermost blade and in the tunnel floor below
the lowest blade, with the slot knife edges approximately in line with the
blade leading edges. Slot capture areas were designed to accommodate boundary
layer thicknesses associated with test section speeds up to 121.9 m/sec (400
ft/sec); therefore, the ceiling, sidewall, and floor slot widths are .89cm,
1.52 cm, and 1.91 cm (0.35 in., 0.60 in., and 0.75 in.), respectively.

Each slot opens onto its own plenum, and each plenum is separately vented
to a common vacuum line which is evacuated by a Roots—Connersville vacuum
pump. The main 25.4 x 68.6 cm (10 x 27 in) test section receives its air
from atmosphere through an upstream bellmouth and discharges downstream
through two Allis-Chalmers centrifugal compressors which are driven by a P&WA
FT-12 engine. Tests at 61 m/sec (200 ft/sec) and below showed that the
boundary layer thickness, based on recovery to within 98 percent of free
stream velocity, was approximately 0.51 cm (0.2 in) on either wall, and the
spanwise velocity distribution was flat to within the limitations of the
measuring probe (Ref. 1).

In this system, the inlet angle variations are obtained by rotating the
floor and ceiling nozzle blocks about a pair of pivots whose centers lie along
the locus of blade leading edges. The inlet bellmouth is configured such that
the floor and sidewall panels of the bellmouth move with the floor nozzle
block as a rigid unit while the upper panel of the bellmouth remains fixed to
the ceiling nozzle block. In addition, the upper bellmouth panel has the freedom



to slide parallel to the nozzle block, thus assuring a smooth closure of the
inlet bellmouth. Because of the complicated interfaces between knife edges
and sidewalls of varying lateral dimensions, several internal seals were
required for each inlet angle.

The ceiling and floor slot knife edges form the leading edges of the
ceiling and floor end blocks. These blocks serve the dual function of providing
flow boundaries one gap space away from each end blade, and, at their trailing
edges, of providing pivot points for the tailboards. Each tailboard is
separately driven by an electric motor, and each has an angular potentiometer
to monitor its position. The tailboards are used to ensure a uniform, undistorted
exit flow. Experience has shown that this is achieved when the static pressure
along the exit plane of the cascade is uniform.

To assure a uniform inlet flow condition, a fine mesh screen having 65
percent porosity was placed over the bellmouth, and a 15.24 cm (6 in) deep
aluminum honeycomb with 2.54 cm (1 in) cell size was inserted within the
rectangular entry region just aft of the bellmouth. Fine adjustments were
made in the honeycomb placement and orientation to provide an undistorted
inlet flow. An upstream cross-tunnel wedge probe, inserted between the
sidewall boundary layer slot and the cascade leading edge locus, was sufficient
to ensure proper operation of the OCWI. The wedge probe plane of symmetry was
rotated to the desired flow angle, and the tailboard and sidewall suction
adjustments were made to yield zero wedge probe unbalance as well as uniform
upstream and downstream static pressure distributions along the cascade inlet
and exit planes. A further discussion of this procedure will be found in Ref. 2.

Test Airfoils

The cascade configuration consists of eleven NACA 65-series blades, each
having a chord of ¢ = 15.24 cm (6 in) and a span of 25.4 cm (10 in), with a 10
degree circular arc camber and a thickness-to-chord ratio of 0.06. Figure 2 is
a schematic drawing of four of the eleven blades as they are mounted in the
wind tunnel. The relative positions shown are properly scaled but the blade
geometry has been exaggerated for clarity in describing the blade shape
parameters. The slant gap, measured along the blade-~to-blade stagger line, is
T = 11.43 cm (4.5 in) so the gap-to-chord ratio is t/c = 0.75.

For these tests the blade stagger angle, Bf, measured between the tangent
to the blade mean camber line at the leading edge and the leading edge locus
line, is 30 deg. (Note that this angle is the complement of the NASA blade
angle defined on pp. 184, 185 of Ref. 5.) The blade inlet angle, By, is
measured between the inlet velocity, V, and the leading edge locus line.

Hence, the mean camber line incidence angle is defined as oy~ = Bf - B;.
The blade profile in true scale is shown in Fig. 3, and the profile coordinates,
in fraction of chord, are contained in Table 1.



Oscillatory Drive System

The entire set of airfoils is coherently driven in a sinusoidal pitching
motion with an amplitude of g. The system is driven by a constant speed,
5.6 kW (7.5 hp) electric motor with a continuously variable speed transmission
through a timing belt and pulleys, as shown in Fig. 1. The upper pulley
drives a central pulley within the sidewall transmission, and through a series
of internal timing belts and pulleys, all eleven internal pulleys are driven
in the same direction and at the same speed. Finally, each internal pulley
drives a four-bar linkage (described below) which produces the sinusoidal
airfoil motion. The design oscillatory frequency range of the system is
3 £ £ < 150 Hz, but recent testing has been confined to a range of 6 < f { 26 Hz.

The four-bar linkage is shown in Fig. 4. The solid outline represents
the actual hardware and the dot-dash lines show the location of each of the
three physical bars plus the fourth fixed baseline bar. The eccentric cam,
which is driven by an internal pulley, rotates at constant speed. The two
intermediate links are bearing mounted at the cam and at their commom point.
The lower link is rigidly clamped to the blade drive shaft at its midchord and
jmparts the oscillatory motion to the blade. This system was designed to
provide a motion having less than 0.5 percent second harmonic distortion. 1In
this test program the cams were set to yield several values of interblade
phase angle, ¢, which is customarily defined positive for an equivalent
forward traveling wave around the rotor. In the case of the stationary
cascade pictured in Fig. 2, this is simulated by the lowest blade in the pack
leading its upper adjacent neighbor. The interblade phase angle can be varied
to any desired value by adjusting the orientation angle of each cam relative
to its neighbor.

Instrumentation

Conventional pneumatic wind tunnel instrumentation is used to measure the
flow properties in the test section. A pitot probe downstream of the inlet
honeycomb measures the total pressure in the tunnel, and sidewall static taps,
aligned with the sidewall stagger angle, are used to measure the static
pressure along the inlet and exit planes of the cascade. The upstream taps
are approximately halfway between the blade leading edges and the boundary
layer scoop knife edges. Tunnel speed is set by measuring the inlet plane
static pressure at tunnel midheight and referring it to the pitot pressure to
calculate the dynamic pressure, q = 0.5 pV“. After manipulating both
tail-boards, and the vacuum system for boundary layer flow removal, to yield a
uniform (or nearly uniform) inlet and exit plane static pressure distribution,
all pressures are recorded for subsequent use in calculating velocity distributions.
In addition, records are made of the flow parameters in each of the four
vacuum ducts, as well as tailboard potentiometer readouts and inlet temperature.
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The center airfoil (blade no. 6) was extensively instrumented to provide
measurements of several flow parameters. Ten minature high response pressure
transducers were placed on each surface of the airfoil to obtain measurements
of unsteady static pressures. Coincident in chord position with each high-
response orifice is a pneumatic static pressure tap to provide a zero frequency
reference for each unsteady pressure (see below). This blade is shown schemat-
ically in Figs. 5 and 6.

The instrumentation for the suction surface is shown in Fig. 5. Orifices
for both the pressure transducers and the static taps were placed along the
chord near the span center line. The specific chordwise locations, from 1.2
percent to 91 percent, were arranged in a Gaussian array to yield maximum
accuracy in the numerical integration of the resulting pressure distributions
(Ref. 6). The same arrangement of pressure orifices was used on the pressure
surface.

Conventional static tap construction was used with small bore hypotubing
laid into the surface channels and potted into place. Small surface holes
were then drilled into the tubing at the appropriate chordwise locations.
These tubes were gathered at either span end and passed through bored holes in
the end shafts.

A typical installation for the unsteady pressure transducers near the center
blade leading edge is shown in Fig. 6 which is a section view in the chordwise
plane of the first four suction surface transducers. This schematic shows how
a series of counterbored (or milled) holes from the pressure surface, culminating
in a small orifice hole to the suction surface, provides a receptacle for each
minature transducer. In these sketches, the small circles in the top of each
transducer represent the 15-mil wires which were placed in milled surface
channels and carried out through the hollow shafts. Additional details on
transducer installation can be found in Ref. 7.

Five other blades were also instrumented with miniature transducers. The
blades are located in the cascade as shown in the schematic diagram in Fig. 7.
Blade no. 6 is the fully instrumented center blade. Partial instrumentation
was placed on blades no. 3, 4, 5, 7, and 9. Locations, in chord fraction, x =
x/c, of all transducer orifices are listed for all blades in Table 2a. As
shown, blades 3, 5, 7, and 9 have suction surface orifices at x = 0.0120, and
0.0622, and pressure surface orifices at x = 0.0120. Blade 4 also has suction
gsurface orifices at x = 0.0120 and 0.0622 and has additional suction surface
orifices at x = 0.0050 and 0.0350 with no orifice on the pressure surface. This
permits a more detailed coverage of the pressure response near the leading
edge of a centrally located blade without significantly interrupting the
evaluation of cascade periodicity near the leading edge on the pressure
surface.

11



Finally, an array of ten miniature transducers were mounted in the tunnel
sidewall in the plane of the blade leading edges, as shown schematically in
Fig. 8. (For simplicity these locations are depicted as being slightly
forward of the leading edge plane although they were actually coincident with
the plane.) The gap fraction location, n, of each transducer relative to the
suction surface of blade 6 is listed in Table 2b. It is seen that these
locations were selected to yield an increased placement density near each
blade surface, several paired points relative to mid-gap (i.e., 1 and 10, 3
and 9, 4 and 8, 5 and 7), and two paired points having periodic relationships
to blades 6 and 7 (i.e., 1 and ‘4 are to blade 6 as 8 and 10 are to blade 7).

12



TEST PROGRAM AND DATA ACQUISITION

Calibration Procedures

Prior to testing, all pressure transducers were calibrated. In most
cases a small vacuum chamber was used, either to calibrate individual pressure
transducers or entire instrumented blades. The pressure within the chamber
was reduced to approximately 84 cm HyO0 (33 in H,0) below atmosphere in
several steps, and transducer voltage output was recorded at each step.
Several constant-temperature pressure cycles were recorded over a range of
temperatures from ~12°C (10°F) to 24°C (76°F) to simulate temperature ranges
anticipated during testing. In some instances, for previously installed
sidewall transducers, a vacuum line was applied directly to each transducer
orifice to subject the transducer to the same range of pressures. In addition,
selected transducers were subjected to occasional spot checks, using the
vacuum line, to verify a previously measured sensitivity.

All calibration data were evaluated by least squares fit. The results were
uniformly linear with correlation coefficients of 0.998 or greater. A small
scatter in sensitivity with temperature of approximately +2% per 55.6°C
(100°F) was noted, but it was determined that this was within the manufacturer's
specifications for these devices. In general, the tranducers and their
associated circuitry performed reliably and yielded self-consistent results
throughout the test program.

Test Plan

A total of 96 test conditions were run. These were comprised of all possible
combinations of two mean camber line incidence angles (GMCL = 2 deg, 6 deg),
two pitching amplitudes (@ = 0.5, 2 deg), three frequencies (f = 9.2,
15.5, 19.2 Hz, and, for a constant velocity of 61 m/sec, or 200 ft/sec, this
was equivalent to reduced frequencies k = cw/2V = wcf/V = 0.072, 0.122, 0.151),
and eight interblade phase angles (0 = 0 deg, * 45 deg, * 90 deg, * 135 deg,
180 deg). In addition, two data runs were taken at each test condition. This
was necessary because the number of desired data locations (47) exceeded the
number of available data system channels (26). Hence, a relay was employed to
switch between Mode 1, which contained all twenty blade-6 channels, five wall
channels, and blade motion, and Mode 2, which contained all nineteen blade
leading edge channels, six wall channels, and blade motion. Redundancy
between modes was confined to the three leading edge stations on blade 6, one
sidewall station, and blade motion. A tabulation of all data channels for
each mode is contained in Table 3. 1In this table the blade location is coded
by a three symbol array denoting blade number, suction or pressure surface,
and location sequence from leading edge. Wall stations are numbered consecutively.
The numerical value for each location is either blade chord fraction, X, or
sidewall gap fraction, 0.

13



Steady Data Acquisition and Reduction

Prior to the unsteady test sequences run at each mean camber line
incidence angle, apeL» detailed steady-state tests were run. This was done
to validate and document steady-state cascade periodicity over both leading
and trailing edge cascade planes, and to obtain steady-state surface pressure
measurements over the blade chord for subsequent use in comparisons with
steady and unsteady theory. In addition, downstream flowfield measurements
were taken that yielded cascade static pressure rise, flow turning, and blade
loss.

These steady-state pressure data from tunnel and blade pneumatic sources
were passed through two 48-port scanivalves and temporarily stored on a floppy
disk together with calibration pressures and keyboard input quantities (e.g.,
run and point number, barometric pressure, ambient temperature, etc.) via a
Perkin Elmer 7/16 minicomputer and associated peripheral equipment. The data
were immediately transferred to a PDP-6 computer for processing on-line to
provide tunnel flow velocity, and remained stored for subsequent detailed
analysis of all pressure distributions.

An initial cross tunnel total pressure survey was taken to ensure that the
exit flow from the inlet honeycomb was undistorted and parallel to the desired
flow direction. With the exception of the sidewall boundary layer, which was
removed ahead of the cascade leading edge plane, the upstream core flow was
found to have a uniform total pressure distribution with a nominal deviation
from the mean of less than * 5 mm H,0 (0.2 in HZO)' This is equivalent
to a velocity deviation of approximately one percent relative to the free
stream. A further indication of flow uniformity is shown in Fig. 9 in which
the steady velocity profiles upstream and downstream of the cascade are shown.
These values were calculated from a single total pressure measurement upstream
of the blade row and two arrays of sidewall static pressures measured along
lines parallel to the plane of the cascade, approximately one blade chord
upstream and downstream of the leading and trailing edge planes. In this
figure the vertical locations of all eleven blades and the upper and lower
tunnel boundaries are also included along the ordinate.

With the assumption of a uniform total pressure field, the upstream velocity
distributions in Fig. 9 are seen to be uniform to within * 2 percent relative
to the nominal velocity over the central measurement region (i.e., blades 3
through 9). The upstream velocity decrease near floor and ceiling are inferred
from local sidewall static pressure increases. Downstream velocities show
even greater uniformity. The small deviation in velocity between blades 4 and
5 (at .65 tunnel height) is a local sidewall phenomenon caused by the wake of
the upstream wedge probe, and did not affect measurements at center span.

Steady-state chordwise pressure distributions for the two incidence

angles tested are presented in Fig. 10. (These results differ from previous
measurements cited in Ref. 4 by the reference p/q at the leading edge stagnation

14



point which is now zero instead of -1.0. With this change in reference p/q it
is seen that the measurements of Ref. 4, denoted by dashed lines through solid
symbols, compare favorably with those of the current experiment, particularly
near the leading edge. Differences between the two sets of measurements are
confined to the trailing edge region and are attributable to minor differences
in tailboard settings.) There is a marked contrast in pressure distribution
between aycr, = 2 deg and 6 deg. It is obvious that oycr, = 2 deg represents

a low load condition, and it was specifically chosen to represent a condition
on a cambered, thick blade that approximates the unloaded classical flat
plate. The selection of oy~ = 6 deg satisfied two requirements: 1) to
provide data on a modestly loaded but unstalled cascade (based on the unstalled
behavior of the steady chordwise pressure distribution and other evidence
cited below), and 2) to examine the unsteady periodic behavior of a load
condition run previously (Ref. 4) over a wide range of parameters.

As in Ref. 4, several other steady-state parameters were measured. Cascade
pressure rise was obtained from the downstream wall static pressure change,
and is indicated by the tic marks and the numerical values at the trailing
edge of each plot in Fig. 10. It is seen that these values are in reasonable
agreement with values that would be obtained from extrapolations of the
surface pressure distributions to the trailing edge. In addition, flow
turning through the cascade, 46, was measured using the upstream and downstream
wedge probes, and total pressure loss coefficient, Zp, was measured at center
span using a 20-tube total pressure rake downstream of the blade row. Values
for all three parameters are plotted as circled points in Fig. 11, and are
compared with the earlier results of Ref. 4, which are plotted as triangular
points. The consistency of the detailed agreement at oycr ™ 6 deg confirms
the repeatability of the experiment. In addition, this figure shows overall
trend agreement for both experiments, from aycL = 2 deg to 10 deg. Finally,
the predicted minimum loss of Zp = 0.02 at ayn, = 6 deg (cf. Ref. 4) is
strongly confirmed by both experiments.

Unsteady Data Acquisition and Initial Reduction

During unsteady testing, OCWI data are collected by two systems, one which
stores and computes pertinent steady-state parameters and provides on-line
monitoring of external flow conditions (cf. previous section), and one which
collects and stores all unsteady, high response data for subsequent processing.
The latter will now be described briefly.

Unsteady blade and sidewall pressures and blade angular displacement are
obtained as time varying voltages which are conditioned and amplified in an
instrumentation package mounted close to the OCWI (to reduce transmission
noise of low level signals). These high response transducer outputs are
acquired and recorded in digital form for subsequent off-line processing by
the Aeromechanics Transient Logging and Analysis System (ATLAS) which accepts
up to 26 channels of data (cf. Fig. 12 for a system block diagram). Each channel

15



may be amplified and filtered as required. The heart of the system is a 26
channel transient recorder which digitizes and stores each channel simultaneously
at sampling rates up to 200 kHz as selected by the operator. System control

is provided by a Perkin Elmer 7/16 minicomputer system which interfaces with

the operator through a graphics display terminal. The data system is capable

of self-calibration using a built in programmable voltage standard which is
under computer control. The system offers several modes of operation ranging
from fully manual, where each step in the sequence (calibration, acquisition,
and recording) is under operator control with the capability of aborting at

any time, to fully automatic where these tasks are computer controlled according
to preset parameters. Data acquisition may be initiated manually, by the
computer, or on receipt of an extermal trigger pulse. For this program, the
system was run in the manual-trigger mode. Typically, the operator at the
computer console instructs the system to acquire data, using the preprogrammed
software on the minicomputer program disk and several specific instructions
pertinent to the particular experiment in progress. Acquired data, consisting
of 1024 time-correlated samples for each active channel, can be spot-checked

by the operator by displaying the contents of the memory of each channel on a
built in scope, or can be recorded directly on a digital magnetic tape for
subsequent off-line processing.

The acquisition rate for all unsteady data was set at 1000 samples/sec.
Thus, for the three nominal test frequencies, f = 9.2, 15.5, 19.2 Hz, there
were 9.4, 15.9, and 19.7 cycles of data available for analysis, or conservatively,
there were 9, 15, and 19 full cycles available. Data for each channel were
Fourier analyzed, primarily to provide first, second, and third harmonic
results for ease in analyses, but also to provide a compact means of data
storage for subsequent use. These data have been completely tabulated in a
companion data report (Ref. 8) in which each run/point combination is fully
documented and described, and the data are arranged in several convenient
forms. 1In each case a total of 10 harmonics are displayed for each unsteady
channel. It is seen that this is well within the bounds of the conventional
sampling theorem (Ref. 9) requiring 2 or more samples/cycle in the highest
harmonic of interest. A summary of these pertinent cycle parameters is
presented in Table 4.

Unsteady data for each pressure channel were reduced to dimensionless time
history form by successive multiplications of the raw ATLAS output (in computer
counts) by the ATLAS calibration constant for each channel (volt/count) and
the calibration constant for each transducer (psi/volt); the results were then
divided by the wind tunnel free stream dynamic pressure (psi) and by the blade
pitching amplitude (rad). Thus, in all subsequent discussions, it is understood
that the unsteady pressure coefficient is the result of the following reduction,

Cp (x,t) = 2068 (1)
q a
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where p and q have the same dimensions. Data for each channel were then

Fourier analyzed, as described earlier, and presented in both component format

and in amplitude and phase angle format. All results are harmonically referenced
to the blade pitching motion except where otherwise noted. Specific manipulations
of the data for each phase of the analyses that follow are described within

each section.
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UNSTEADY RESULTS

Analysis

Many of the analytical techniques used in reducing data or preparing the
reduced data for examination have been used before (cf. Refs. 1-4), and a
full derivation would not normally be warranted. However, in view of the
extended analyses needed for periodicity evaluation, it is obvious that some
analytical background should be provided. This has been done by gathering all
relevant equations into Appendix 1, which has the added advantage of providing
continuity of development. The topics covered in Appendix 1 are: basic
definitions of notation and major quantities, Gaussian integration of pressures
to obtain normal force and pitching moment, definition of aerodynamic damping,
Fourier representation of time histories, and gapwise phase shift for periodicity
comparisons. It should be noted, however, that the order in which the results
are discussed below in this section is not necessarily the order of the
exposition of the underlying analysis in Appendix 1.

All of the results described in the ensuing sections have been operated on
by the analyses of Appendix 1. With few exceptions, these descriptions cover
only the major observed trends in the reduced data -- a complete and detailed
graphical or verbal description of the myriad results produced during the
course of this investigation is clearly beyond the scope of the present
document. However, a companion data report, comprised of computer printout of
all relevant reduced data for all cases run, has been published (Ref. 8).

From it the reader can reproduce all of the results described in this report,
and can also construct any other desired output for direct study or comparison.

Gapwise Periodicity

The use of cascade data to represent turbomachinery behavior has always been
predicated on the blade-to-blade periodicity of the cascade. In the past,
steady state periodicity was routinely checked and, in most cases, required as
part of the data acceptance procedure. This is not the case with unsteady
periodicity, for several reasons. For example, increased numbers of high
response trangsducers (or other data sources) on more than one blade and
correspondingly increased numbers of signal conditioning and data acquisition
channels produce significantly more data and represent considerably more cost
than conventional unsteady tests. Nevertheless, such a test has been a
recognized need for several years.
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It is believed that the current experiment is the first systematic and
detailed examination of unsteady periodicity in an oscillating cascade. As
noted earlier, high response instrumentation has been confined to the leading
edge regions of five blades grouped in the central region of the cascade and
placed on both sides of the fully instrumented center blade (cf. Table 2a).

In the discussion that follows, reference will be made to the two suction
surface locations as 0.012U and 0.062U, and to the pressure surface location as
0.012L. Data presented in this report will be limited to a typical set, and
the reader will be referred to the listed results in Ref. 8 for more detail.

Of the twelve possible combinations of incidence angle, pitching amplitude,
and reduced frequency, only four will be discussed in detail. A survey of all
results has shown that the data vary only superficially with reduced frequency
(for the range tested) and only the k = 0.151 conditions have been selected
for display. Figures 13 through 16 and 17 through 20 contain gapwise distribu-
tions of pressure amplitudes and pressure phase angles, respectively, for all
incidence angles and amplitudes. Each figure has results for all interblade
phase angles, and within each panel the two suction surface measurements are
depicted by solid symbols (circle for 0.012U and triangle for 0.062U) and the
pressure surface measurement by the open square (for 0.012L). 1In each case
only the first harmonic component is plotted.

Figures 13 and l4 show the gapwise pressure amplitudes for 2 * 0.5 deg and
2 * 2 deg to be relatively level. This is particularly true for 0.062U in both
plots, and less true for 0.0l12L in Fig. 14. For the suction surface leading
edge station (0.012U), the measured results are level in both figures, with
more scatter evident in Fig. 14 than in Fig. 13. No significant departures
from these results are observed at the two lower frequencies (cf. Ref. 8). A
systematic (but preliminary) study of the possible causes for the scatter in
Fig. 14 was inconclusive, and is briefly discussed in Appendix 2. In general,
these results show the cascade to be acceptably periodic in pressure amplitude
response for both pitching amplitudes at oycr, = 2 deg.

The situation is somewhat altered for Oy = 6 deg in Figs. 15 and 16.
For both amplitudes the second suction surface station (0.062U) is still level,
indicating good periodicity, and the pressure surface station (0.012L) is
generally level with only mild deviations from completely periodic behavior.
However, at 0.012U there are strong gapwise gradients in Fig. 15 for 6 % 0.5 deg,
which are reversed and somewhat scattered, but still strong in Fig. 16 for 6 *
2 deg. This would suggest a significant loss in leading edge periodicity at
oyer, = 6 deg, but a recovery to periodic behavior within 5 percent of the
chord aft of the leading edge. Once again, little change is evident for the
other two reduced frequencies. It is probable that this reduced periodicity
near the leading edge is associated with the increase in cascade loading.
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Figures 17 and 18 are plots of the gapwise distribution of first harmonic
pressure phase angle measured at each of the three blade stations for 2%t 0.5
deg and 2+ 2 deg. (Note that 0.012U and 0.062U are referred to the left
scale and 0.012L to the right scale.) The phase angle for any blade is
referenced to the motion of blade n by the procedure derived in Appendix 1.
Thus, once again a flat distribution signifies good periodicity. With the
exception of the results for o = 0 deg, the distributions are essentially
flat, with the best periodicity indicated by the distributions in Fig. 18 for
2 + 2 deg. The gapwise phase gradient for ¢ = 0 deg may be associated with
the so-called acoustical resonance phenomenon which occurs near ¢ = 0 deg for
the test conditions of this experiment. This is discussed briefly in Appendix 3.

When these data are compared with data for the two lower frequencies
(cf. Ref. 8) it is found that there is virtually no change for 2 * 2 deg at
all frequencies. There is also little change for 2 * 0.5 deg at k = 0.122, but
there is an appreciable increase in the scatter for k = 0.072. A plausible
explanation for this is as follows. If there is a constant level of noise in
the measured signal associated with background wind tunnel disturbances, it
will form a larger portion of the @ = 0.5 deg data than of the & = 2 deg data.
Hence, the a = 2 deg data will have less scatter on this basis. Also, the
lower frequency data is processed over fewer cycles than the higher frequency
data because of the fixed memory and constant acquisition rate used (cf. Table 4).
Consequently, non-coherent signals will have less influence on higher frequency
data and the k = 0.122 and 0.151 data will have less scatter than the data for k
= 0.072.

Similar trends are observed for 6 * 0.5 deg and 6 * 2 deg in Figs. 19 and 20,
with greater scatter at * 0.5 deg than at * 2 deg, strong gapwise gradients for
o = 0 deg, and a generally level behavior elsewhere. As before, recourse to
the data in Ref. 8 shows that the scatter tends to increase at the lower
frequencies at + 0.5 deg, with less tendency to do so at % 2 deg.

Overall, this experiment has shown that the cascade blade response in its
present configuration is periodic at the lowest load condition (GMCL = 2
deg) for most parameter values tested but has a gapwise gradient in phase
angle at 0 = 0 deg. Further, there is a significant gapwise gradient in
magnitude at the airfoil leading edge over a wide range of 0 at the modest
load condition (GHCL = 6 deg), but within 5 percent of the chord aft of the
leading edge the amplitude response is again periodic. Phase periodicity for
ayc, = 6 deg is comparable to that for the low load condition. Thus, for
these two load conditions the measured data satisfy the periodicity condition
over most of the operating ranges and over most of the blade leading edge region,
lending credence to the belief that the unsteady data obtained in this experiment
are valid data. This belief is considerably strengthened below when the data
are compared with theory.
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Aerodynamic Damping and Stability

The most direct, global parameter that can be obtained from the unsteady
pressure distributions over the entire blade chord is the aerodynamic damping
parameter, 5. This is shown in Appendix 1 to be equal and opposite to the
quadrature (or out of phase) component of the pitching moment coefficient per
unit amplitude, and represents a measure of system stability in single degree
of freedom torsional flutter (i.e., a system is stable if = > 0). It has been
measured and reported on many times for the current cascade model (Refs. 1-4)
and certain of these past results are available for comparison with those of
the current test.

All of the aerodynamic damping parameter values for this test have been
extracted from Ref. 8, are listed in Table 5, and are plotted in various forms
in Figs. 21 through 24. 1In the first three figures £ is plotted versus g, and
each panel represents either ayep, = 2 or 6 deg, with amplitudes of a =
0.5 or 2 deg represented within each panel by open circles or triangles,
respectively. In addition, data from Ref. 4 for @ = 6 *+ 2 deg, represented by
solid triangles, are included in the right hand panel of each of these figures,
and in Fig. 21 a theoretical plot for a flat plate airfoil (from Ref. 4, based

on the theory of Smith in Ref. 10) is included for comparison with the data.

Gross trends are similar for all plots. Damping increases with o over the
ranges 45 < g < 180 and -180 < ¢ < —~45 deg, and decreases sharply for -45 < ¢
< 45 deg. The crossover from stable to unstable damping with increasing ¢
occurs at g > 0, and from unstable to stable damping at ¢ < 180 deg. (Note
that ¢ = + 180 deg and ¢ = -180 deg are actually the same point, and that
damping trends over g through this common point are continuous.) No significant
trends with amplitude are discernable in any plot, although the effects of
amplitude appear to be smaller for amcr, = 6 deg (right panels of Figs.
21-23) than for ayc = 2 deg.

The agreement between current and previous (Ref. 4) damping data for
a =6 + 2 deg (open and closed triangular symbols, respectively, in right hand
panels of Figs. 21-23) is very good. Not only are trends strongly corroborated,
but close agreement between damping measurements at common values of o is seen
to exist, confirming the ability of the OCWT to provide self-consistent,
repeatable data from tests run at different times. The single plot of Smith's
theory for the flat plate (Ref. 10) is included to show the general trend
agreement with data, but also to point up the sharp disagreement between flat
plate theory and experiment in the absolute value of the damping parameter.
The significance of this will become clear later when experimental pressure
data are compared with both flat plate theory and with a more advanced theory
embodying actual blade shape in its formulation.



Figure 24 is an alternative view of the data in Fig. 22, but with incidence
angle as the parameter of comparison within each panel. Here it is seen that
increased incidence angle has a mitigating effect on the maximum and minimum
values of & attained; i.e., there is a greater excursion from maximum damping

to minimum damping for aycy, = 2 deg than for aycp = 6 deg.
Chordwise Distributions

The aerodynamic damping and stability calculations described above are
obtained by integrating the chordwise pressure distributions on the center
airfoil. Hence, it 1is useful to examine these distributions with the object
of relating the observed changes from case to case, to changes in the measured
damping of the previous section.

There are essentially two sets of parameter variations to be discussed
here: first, the effects of varying o over the entire range for a single
incidence angle and pitching amplitude combination and for constant frequency,
and second, the effects of varying both incidence and pitching amplitude for
two equal and opposite values of g, again at constant frequency. (A study of
the results tabulated in Ref. 8 shows only minor trend changes with k for the
range tested here.) For each of these parameter sets. the data are first
presented in terms of the real and imaginary parts, and then presented in
terms of amplitude and phase angle, all plotted versus chord fraction. For
all cases discussed in this section only the chordwise pressure difference
will be studied.

In Fig. 25 the real (circles) and imaginary (triangles) parts of the
pressure difference coefficient are plotted versus chord fraction. The eight
panels shown represent the eight values of ¢, ranging from ¢ = -135 deg at the
upper left to g = 180 deg at the lower right. 1In this figure @ = 2 % 0.5 deg
and k = 0.072. Two things are to be noted here: the significant change in
the relationship between real and imaginary parts as g becomes greater than 0
deg and again as g reaches 180 deg, and the wide variation of leading edge
values of both real and imaginary parts as g varies. Over the range -180 < ¢
< 0 deg the real part at the leading edge is a large positive number and the
imaginary part is a modest-to-large negative number. The real part is still
positive over the remaining range of g, but now the imaginary part is also
positive. These changes affect the response phase angle, which was shown
earlier (Ref. 4) to have a dominant effect on stability.
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Figure 26 has the same display format as Fig. 25, but now the plotted
points represent the magnitude of the pressure difference coefficient (circles)
and the pressure difference phase angle (triangles). These quantities are
referenced to the left and right hand ordinate scales, respectively. (The
prominent horizontal tic marks denote the ), =0 level.) It is seen that
over the range -180 < o < 0 deg the combination of real and imaginary parts
from Fig. 25 yield a negative response phase angle over the forward portion of
the blade. Here the pressure difference response lags the motion, and according
to the results in Ref. 4, this motion is stable, as confirmed by the plots in
Fig. 21. Conversely, over the remaining range of o the pressure response
leads the motion and the resulting motion is unstable. It should be noted
that this simplistic view of stability based on the leading edge pressure
phase angle is possible only because the pressure difference near the leading
edge is many times greater than the pressure difference elsewhere on the blade.
The only accurate measure of stability is obtained from the computation of
work per cycle or of aerodynamic damping (cf. Appendix 1).

Two interblade phase angles, o = * 45 deg, have been selected to display
the effects of incidence angle and pitching amplitude on the unsteady pressure
distribution for constant reduced frequency. Real and imaginary parts are
plotted in Fig. 27, and amplitude and phase angle in Fig. 28, providing
parallel comparisons with Figs. 25 and 26, respectively. The most striking
observation to be made here is the apparent lack of variation for ¢ held
constant (i.e., across each row of panels). The differences that do become
evident are subtle and are concentrated near the leading edge. For example,
the absolute value of the real and imaginary parts, or the amplitude of the
pressure difference magnitude, increases with pitching amplitude for constant
incidence angle. A mixed behavior with incidence occurs, with all of these
quantities decreasing with incidence at a = 0.5 deg, and with no specific
trend at @ = 2 deg. Except for minor data scatter, the phase angle
distributions are virtually the same for each o. Thus, the observation made
in Ref. 4, that the dominant parameter affecting stability is the interblade
phase angle, is reiterated here. Furthermore, the major effect of the leading
edge response noted in Ref. 1 is confirmed by the present study, in which
minor changes in stability parameter levels are controlled by changes in
leading edge parameter values.

An examination of the tabulations in Ref. 8 will reveal that 10 harmonics
are listed for each measuring station for every run and point. Individual
surface responses are presented as well as the differences that are used in
computing loads and stability values. A further examination of these results
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will show that significantly higher harmonic levels were encountered at a
= 0.5 deg than at ¢ = 2 deg. It is shown in Appendix 4 that these higher
harmonic responses were probably associated with longitudinal wind tunnel
disturbance waves affecting both surfaces equally, and that their effects
disappeared on taking the pressure differences used in computing loads.

Comparison With Theory

Selected cases from these experimental results were chosen for comparison
with the unsteady theory of Verdon and Caspar (Ref. 11) for a blade having
non-zero thickness and camber, operating in a subsonic, compressible flow.

The basis of this theory is the unsteady perturbation of the potential function
about the steady-state condition. Hence it was necessary as an initial step

to match the steady theory to the measured steady-state pressures. In the
following comparisons this is the only adjustment made to produce agreement
between theory and experiment.

Comparisons were made at both incidence angles tested, but were restricted
to a single value of k = 0.122. At oML T 2 deg the data and theory were
compared at four values of interblade phase angle, ¢ = + 45 and * 135 deg, and
at agycp, = 6 deg only the data at ¢ = -45 and -135 deg were compared with
theory. The initial steady potential flow was adjusted to the data for best
fit at GTHEORY = =0.27 and 2.23 deg, corresponding to aycp, = 2 and 6 deg,
respectively. Plots showing the matched steady-state agreement for these two
cases are shown in Fig. 29, in which the experimental distributions are the
same as in Fig. 10. These and the following unsteady distributions have been
inverted to conform to the computer-generated plots from the theory. It is
seen that, within the scope of the present study, which was largely exploratory,
a good match between steady theory and experiment has been achieved. It
is not unusual for incidence angle discrepancies to occur between theory and
experiment in making such a match because 1) the experimental cascade 1is
finite in extent while the theory represents an infinite cascade, and 2) no
provision was made for adjusting the results for downstream diffusion associated
with the presence of sidewalls and their growing boundary layers. These and
other factors could have been refined for a better match in flow geometry, but
such an effort would have been contrary to the needs of the present study.

In Fig. 30 the real and imaginary parts (circles and squares) of the measured
unsteady pressure difference coefficient for @ = 2 + 0.5 deg are compared with
the Verdon/Caspar "real blade" theory (solid lines) and the flat plate version
of this theory (dashed lines) at ¢ = + 45, + 135 deg. In all cases except g =
45 deg the agreement of the data with the Verdon/Caspar real blade theory is
better than with flat plate theory, and without exception the agreement with
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Verdon/Caspar theory is excellent. At this incidence angle no distinction can
be made between the data for the two separate amplitudes since they too are in
nearly perfect agreement, and of course, the normalized theoretical values for
the two amplitudes are identical.

In Fig. 31 the theory and experiment for ayct, = 6 deg are compared at
o = ~135 and -45 deg in the left and right panels, respectively. Here the
experimental distributions have measurable differences at their leading edges,
so the upper and lower panels are for a = 0.5 and 2 deg. As before, the
real blade theory is independent of amplitude and is the same for upper and
lower panels at each ¢g. Furthermore, the flat plate theory is independent of
incidence so the plots in Fig. 31 are identical to those in Fig. 30 for ¢ =
=135, -45 deg. Once again the agreement between real blade theory and the
measured results is excellent, and this more complete theory is shown to be

superior to the flat plate theory.*

It is recognized that within the scope of this study, only a small sample
of the measured data could be compared with theory. Nevertheless, within this
limited survey, two major facts emerge clearly: 1) the real blade theory,
when once adjusted to the steady load distribution, is consistently in excellent
agreement with the measured unsteady results, and 2) the flat plate theory is
shown to be useful in supplying trend information, but in most cases is
inadequate to predict the details of unsteady loading. It should be noted
that this inability of the flat plate theory to predict integrated load
results is evident in Fig. 21 and in the several comparable figures in Ref. &
for aerodynamic damping. Although no aerodynamic damping predictions from the
real blade theory were available for inclusion here, the consistent agreement
of unsteady pressure distribution with this theory would lead to an expectation
of agreement in damping also.

Intergap Sidewall Variations

Unsteady sidewall pressure measurements were made along the leading edge
plane between blades 6 and 7, with slight overlaps into adjacent passages.
The geometric setup is shown in Fig. 8 and pertinent transducer locations in
gap fraction, p, relative to blade 6 suction surface are given in Tables 2 and
3. These data were obtained to give some insight into the unsteady "far
field" behavior of an oscillating cascaded airfoil. Although data were taken
for every parameter variation of the test program, this portion of the test
was meant to be exploratory in nature and was largely outside the scope of the
main program. Only a few cases have been analyzed in this study, although all
of the data are available in Ref. 8.

* . e .
The small deviation in the real part of the Verdon/Caspar theory near the

trailing edge appears to be caused by the difficulty of accurately capturing
the singular behavior in unsteady pressure at a sharp trailing edge with a
finite difference approximation.
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This brief analysis of the unsteady sidewall pressures is restricted
to a few selected plots of first harmonic pressure coefficient amplitude and
phase angle. The amplitude variation is straightforward and involves nothing
more than a compilation of amplitude data from consecutive Mode 1, Mode 2
printouts found in Ref. 8. Interpretation of the phase angle data requires a
simple transformation. By definition, an interblade phase angle of 0 implies
that the response of blade n+l leads that of blade n by o, and it is reasonable
to assume that any point in the free field surrounding each blade is similarly
out of phase by o relative to the same point in the free field of the appropriate
adjacent blade. For simplicity, the assumption is made here that the intergap
response phase angle can be adjusted by a linear intergap variation with o to
achieve periodicity. In other words, since all data are referenced to blade 6
by the data reduction procedure, and n is measured from blade 6, then if L
is the local first harmonic sidewall phase angle, an adjusted value may be
computed from ¢81= ¢sl -no .

The intergap variation of pressure magnitude and adjusted phase angle is
plotted in Figs. 32 and 33 for a single value of k = 0.151 and for OveL = 2
and 6 deg, respectively. Data for @ = 0.5 and 2 deg are represented by
circles and triangles. Open symbols denote data plotted at the measurement
point and solid symbols denote data artificially transferred by one gap from
the measurement point. Superficially both sets of data have the same general
behavior. Pressure amplitude rises sharply as a blade is crossed from pressure
to suction surface, and then decays across the gap. From the well correlated
behavior of C for both amplitudes within each figure, and the definition of
Eq. (1), it appéars that the measured static pressure in the free field varies
directly with a. There is also a sharp change in adjusted phase angle across
the blade, with a nearly linear rise in ¢, as the gap is traversed. It
would appear that the linear gapwise adjustment in phase angle is valid, although
there is some scatter in the data.

Significant differences are apparent between the two figures. The jump in
magnitude across the blade is larger for e 6 deg than for 2 deg, which
would imply that the free field perturbation also varies with steady blade
loading. Similarly, the phase change across the blade is also larger for
ayep, = 6 deg than for 2 deg.

Examination of the remaining sidewall data tabulated in Ref. 8 shows that
similar amplitude behavior is seen for all interblade phase angles and that
similar phase behavior is seen for all negative interblade phase angles.
Furthermore, positive interblade phase angles produce a reversal in the slope
of the response phase angle variation. It is obvious that this limited exposure
to the sidewall data is insufficient to do more than lead to some initial spec-
ulations. Clearly, a deeper study of the available data in Ref. 8 is required
and should be undertaken, together with a theoretical study of the free field
using the analysis of Ref. 11 for further comparison and validation of the theory.
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Additional Comparisons

The observed changes in pressure levels with ¢ in Figs. 13-16 and in
pressure phase angle with o in Figs. 17-20 suggests a systematic variation
with o that is borne out in Fig. 34. The data points are taken from the 2 £ 2
deg, k = 0.151 case at x = 0.012U and clearly show a symmetric pressure amplitude
and skew-symmetric phase angle behavior relative to either o = 0 or 180 deg.
These results are typical, and a spot check of the data in Ref. 8 shows a
consistent pattern emerging for virtually all other cases. (Indeed, a casual
examination of Figs. 13-20 confirms this behavior for virtually all cases.)

Also displayed in Fig. 34 are solid lines denoted as "fitted theory." An
oscillating aperture analysis has been performed in Ref. 12 in which the two
sides of a two-dimensional opening oscillate sinusoidally with a phase shift,

o, between their motions, in the presence of a fluid stream. A velocity
perturbation analysis is performed from which a perturbation pressure field

can be inferred, having the form C_= A + B v2Z-2cos0. A and B are free constants
by virtue of the lack of specificity in this simplified formulation. This theory
is fitted to the experimental data by evaluating A and B such that the curve
passes through the measured values at 0 = 0 and 180 deg. The resulting
excellent agreement between fitted theory and measured data leads to the

obvious conclusion that the observed o-variations in the measured data are
directly related to the geometric constraints of the inlet aperture. Several
comparable examples of this type of two-point fitted agreement are included in
Ref. 12.

The phase "agreement" shown in the lower panel of Fig. 34 is necessarily
contrived, primarily to allow both measured and theoretical results to coexist
on the same plot. The data are referred to the left ordinate and the theory
to the right ordinate, and because this is phase information, dependent on the
ratio of real and imaginary quantities, no free constants exist. Nevertheless,
both phase variations have the same continuous and (nearly) linear behavior
across 0 = 180 deg and both exhibit a strong positive jump at 0 = Q0 deg.
Again there is strong evidence that unsteady aperture geometry is an important
factor in real blade response.

Further corroboration of this type of behavior is seen in the results of an
unsteady turbine cascade experiment described in Ref. 13 and elaborated on in
Ref. 14. This experiment was conducted on a cascade configuration that is
significantly different from the subject of this report: turbine blades, 20
percent thick, with 112 deg turning at an inlet Mach number of 0.52, versus
compressor blades, 6 percent thick, with 10 deg turning, at an inlet Mach number
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of 0.18. The pressure amplitude, plotted versus ¢ in Fig. 17 of Ref. 13 for
an aft station on the blade, or in Fig. 44 of Ref. 14 for a forward station on
the blade, has substantially the same form as the result in the upper panel of
Fig. 34. In addition, the phase angle behavior in Fig. 18 of Ref. 13 or in
Figs. 52-54 of Ref. 14 is similar to the result in the lower panel of Fig. 34.
Here the comparison is more difficult to make by virtue of differences in
several of the defining parameters of the turbine and compressor cascades.
Nevertheless, the general pattern of agreement between these two sets of data
is further evidence of a strong geometric interaction controlling the leading
edge aerodynamics.
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CONCLUSIONS AND OBSERVATIONS

Preliminary Remarks

This investigation is the latest in a series of tests of oscillating blades
in cascade conducted at UTRC. While the previous tests focused separately omn
individual phenomena such as aerodynamic damping or surface pressure respomnse,
the current test has concentrated on several items, making it one of the most
comprehensive and self-consistent unsteady aerodynamic cascade experiments known
to date. Specifically, it is believed that this experiment has examined, in
detail, unsteady cascade periodicity for the first time. In addition, it has
confirmed the previous tentative results for aerodynamic damping, has shown
self-consistency and agreement in overall cascade performance, has provided
verification of a "real blade" unsteady aerodynamic theory, and has produced a
large body of unsteady aerodynamic data for future study.

In this section are listed a set of conclusions reached and observations
made in the course of this study. They are segregated below in two groups,
comprising the primary and secondary findings of the experiment. Within each
group they are enumerated in the approximate order of their appearance in the
text.

Primary Findings

1. In general, for the two load conditions tested, the measured data satisfy
the periodicity condition over most of the operating ranges and over most
of the blade leading edge region. Specific observations follow below:

a) The cascade is periodic in pressure amplitude response at all measuring
stations for both pitching amplitudes tested at ayn; = 2 deg.

b) Pressure amplitude periodicity deteriorates somewhat at ayep, = 6 deg
at the leading edge station, but returns to periodic behavior within 5
percent of the chord aft of the leading edge.

¢) Pressure phase angle is periodic at all incidence angles and all ampli-
tudes of motion, with the exception of the condition o = 0 deg where a
strong gapwise gradient is observed. This is believed to be associated
with a cascade acoustical resonance condition.

2. In confirmation of the results of previous tests, interblade phase angle, o,

is still the most important parameter affecting the stability of oscillating
cascaded airfoils.
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10.

11.

12,

13.

14,

In comparing the measured chordwise pressure distribution with the unsteady
theory for a thick, cambered, cascaded airfoil, the agreement was consistently

excellent for both incidence angles tested.

The same comparison with flat plate theory showed similar trends but, in
general, was only in fair agreement when judged relative to the 'real blade"
theory.

Secondary Findings

Steady state measurements of cascade pressure rise, flow turning, and total
pressure loss are in agreement with previous tests and with predicted minimum
loss.

Aerodynamic damping increases monotonically with o over the range 45 < ¢ <
315 deg (or equivalently over the contiguous ranges 45 < ¢ < 180 and -180
< g <~45 deg). It decreases sharply over the range -45 < o < 45 deg.

The crossover from stable to unstable aerodynamic damping with increasing o
occurs at ¢ > 0 deg and from unstable to stable at o < 180 deg for the parameter
ranges tested.

Also for the parameter ranges tested, no significant damping trends with ampli-
tude are discernable.

Agreement between current and previously measured aerodynamic damping data for
a = 6 * 2 deg is very good.

Comparison between current aerodynamic damping data and the damping prediction
from the Smith flat plate theory shows trend agreement as before, but disagrees
in the absolute values of the parameters.

Increased incidence angle has a mitigating effect on the maximum and minimum
values of aerodynamic damping attained; i.e., there is a greater excursion
from maximum to minimum damping for ey~ = 2 deg than for 6 deg.

Chordwise pressure distributions are relatively unaffected by changes in
reduced frequency for the range tested.

The effect of o on chordwise pressure is to change the response phase angle
near the leading edge from lag (in the stable regime for -180 < ¢ < 0 deg) to
lead (in the unstable regime for 0 < o < 180 deg).

The pressure difference near the leading edge is many times greater than the

pressure difference aft of the leading edge, confirming observations from
previous studies.
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16.

17.

18.

19.

20.

21.

Only minor changes in the pressure distributions are observed with
variations in SMCLs a, and k for constant O over the ranges tested.

Sidewall intergap pressure magnitude rises sharply as a blade is crossed
from pressure to suction surface, and then decays across the gap. In
general its behavior is periodic.

The sidewall pressure magnitude is everywhere proportional to &; its peak
value increases with steady blade loading.

The sidewall intergap pressure phase angle varies monotonically across the
gap and read justs abruptly across the blade. 1In general its behavior is
periodic.

A comparison of the leading edge pressure magnitude variation with ¢ and
a two-point "fitted theory" for an oscillating aperture shows excellent
agreement. This agreement suggests that the observed o-variations in the
measured data are directly related to the geometric constraints of the
inlet aperture.

A similar comparison of measured and predicted phase angle variation with
0 leads to the same conclusion.

This suggested dependence on inlet geometry is further corroborated by a

qualitative comparison with results from a turbine experiment cited in the
text.
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APPENDIX 1

DERIVATION OF RELEVANT EQUATIONS

For convenience this Appendix is devoted to the derivations of the major
equations used in the text. Although these equations represent standard concepts
and most have been derived elsewhere, there is sufficient subtlety in their
definitions and use to warrant their collection in this Appendix. It should be
noted that all unsteady aerodynamic loads have an implicit normalization with
respect to the pitching amplitude, &, in accordance with the definition of
unsteady pressure coefficient from Eq. (1),

cp (x,t) = BOGE) (1)

q a

If blade 6 (the center reference blade) is the only one under consideration,
no distinctive notation will be used, and the pressure coefficient in Eq. (1)
can be expressed in either complex exponential form or in component form as

Co06t) = Eppet VE Y 4p0)

(2)
iwt

(EPR(X) + iCpI(x9 e

(If however, any other of the n blades are being considered, a superscript nota-
tion denoting the specific blade will be employed. This will be demonstrated
later.) The subscripts R and I denote the so-called real and imaginary components
of CP’ but physically can be interpreted as the components of the pressure response
that are in phase and out of phase with respect to the motion,

a(t) = ettt -
In terms of the amplitude and phase angle,
Cor(X) = Cp(x) cos ¢ ()
Cp_(X) = € (x) sin ¢_(x)
P
I ? P “)

= 2
Cpx) = J Cpax) + Cp1(x)

4p(0 = tan ' (cpI(xnch(x))
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where ¢ _(x), as defined here, is positive for the pressure leading the

motion. Similar relationships involving in and out of phase components and
their amplitudes and phase angles will exist for all other quantities, but for
brevity will not be repeated here.

The pressure difference, AC_, will be an important quantity, and will be
obtained from the difference between the pressures on the upper (or suction) and
lower (or pressure) surfaces, denoted by subscripts U and L. Thus,

ACP(X’t) = - CpU(X’t) - CPL(X,t) (5)

It should be noted that only components, and not magnitudes or phase angles, can
be differenced, or

ACp(x,t) = (ACPR()() + iACpI(x)) eiwt )

where

ACpR(X) = = (CPUR(X) - CPLR(X)) 7)

Another expression for Eq. (6), illustrating the notation for the phase angle of
the pressure difference, is

ac (x,t) = AEp(x) el (“’t M ¢Ap(x)) L2

For a continuous distribution of the pressure over the entire blade surface
the unsteady normal force and unsteady pitching moment coefficients per unit
amplitude about the airfoil pivot axis at Xp are given by
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1
Cy(t) =/ACp(x.t)dx (9
o)

1
Cy(t) =f (xp - x) ac,(x,t) dx (10)
o

(where the phase lead angles associated with Ty and Ty are denoted by

oy and ¢y, respectively). However, in this experiment a discrete array

of transducers was used, necessitating a numerical integration of the pressures.

As in earlier OCWT experiments (Refs. 1-4) a ten point Gaussian quadrature was
performed over the forward 91 percent of the chord, and a three point interpolation
through the data at y = 0.86, 0.91, and through Acp(l.o) = (0.0 at the trailing

edge was used to complete the integration. For convenience, this procedure will

be summarized below.

The usual Gaussian integration formula for the area under f(t) over the
interval 0 { ¢ £ 1 is

1 J
A =/f(£)d£ gzwjf(aj) (02E<1) (11)
[o] j=1

where the W. are integration weighting coefficients. For a conventional ten
point Gaussian integration, the measuring stations, ., are prescribed by the
locations of the zeroes of the 10th degree Legendre polynomials over the interval
0 <g <1 (cf. Refs. 15, 16). It is seen from the values of £3 listed

in Table 6 that for normal trailing edge thickness distributions, insertion of a
transducer at the 10th station (;10 = 0.987) would be physically impossible.
Hence, it was decided to place the rearmost transducer at y = 0.91 and rewrite
Eq. (11) as an integration over two regions,

z 1
A =/f(x)dx +/f(x)dx (12)
e z
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The transformation

X = 2§ (13)

in the first integral yields

1 1
A= 'sz(e)de +/f(x)dx
o z
and use of Eq. (11) yields
J 1
A= zzw,f(gj) +/f(x)dx (14)
j=lJ 2z

At the 10th station, X10 = 0.91 by construction and £15 = 0.986954 from Table 6,
hence z = 0.92203. Table 6 also contains lists of weighting coefficients, Wj,
and physical coordinates, x:. The actual numerical integrations were carried
out by replacing f(£) by the appropriate quantity to be integrated, both in the
Gaussian sum and in the three-point interpolation integral to the trailing edge.

System stability is obtained from a computation of the work per cycle, and its
conversion to an aerodynamic damping parameter. The general form of the work
coefficient is given by

Gy = f Re {5 Cu(t)} dog (15)

(In this formula the previously normalized Cy(t) is multiplied by the normalizing
pitching amplitude, &, to express the work coefficient in its conventional form).
For a pure sinusoidal moment response,

a Re {C ei(wt * ¢M)}
M (16)

Re {E CM(t)}

= CM cos (ot + ¢M)
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From Eq. (3),

ap = a coswt

17
dop = -0 sinwtd(wt)
and substitution into Eq. (15) ultimately yields
Gy = waz EM sin ¢M (18)
From Refs. 1-4, the aerodynamic damping parameter is defined by
— -2
Z=-C, / ma (19)
and hence, from Eq. (18),
E = - EM sin ¢M = - CMI (20)

(Note that this result differs in form from the results in Refs. 1-4 because the
Cy in these equations is implicitly normalized with respect to &).

In the more general case, the response will not be a pure sinusoid, but will
contain higher harmonics as well. Accordingly, in the present experiment the
time histories of all response functions were decomposed into their harmonics by
conventional techniques. 1In the analysis that follows, only the time-varying
portion of the signal will be considered, and the steady component will be
ignored. This is in keeping with procedures employed in the experiment in which
ac coupling was employed that automatically removed the steady state portion of
any signal.
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A general notation will now be introduced, applicable to any of .the
several coefficients being analyzed. If F(wt) is some periodic function of wt,
then its unsteady part can be represented by

o0
Fwt) =3 F et (km " ¢J') (21)
k=1

where ¢, is the phase lead of the kth harmonic relative to the motion. This
may be rewritten as

0
= i
F(wt) =2 Fp e ¢keikwt
k=1
)
=z (Fk cos ¢ + iFy sin by eikwt
k (22)
k=1
)
ikwt
=X {p._ +iF ) e
k=1 ( KR kI)
so, by definition,
FkR = Fk cos ¢
FkI = Fk sin ¢k
= 2 2 (23)
Fg = {FkR + Fix

o = tan_l (FkI / FRR)

which is parallel in every way to Eq. (4). Hence, for any unsteady pressure,

o0
c (x,t) =3¢ e (ue + o ) (26)
P k=1 Pk

where the individual components are now given by
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Cka = CPk cos ¢'pk
- (25)
Corx = Cpk 51 ¢pk
Similarly, for Cy and Cy,
% - i (kwt + ¢Nk )
k=1
M 1 Mk

Insert this last equation into Ey. (15) to compute work per cycle of the gener-
alized moment response. The result is

c, = f R, Eﬁlﬁm ot (at + g dag
= f Ekf.jlank cos(kmt + %ﬂc) [-a sinwtd(ut)] (28)

-2& _

= —q chMk f cos (kwt + ¢Mk) sinwtd(wt)

and by orthogonality it is easily shown that only the first harmonic term,

k = 1, survives. Hence, in general,

CU = fa CMl sin q;Ml (29)
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and Eq. (20) becomes

== - Gy sin ¢y = - CMI; (30)

Finally, as noted in the main text of this report, unsteady blade-to-blade
periodicity along the cascade leading edge plane is best evaluated by examining
the gapwise distribution of pressure coefficient (both amplitude and phase angle)
for common transducer locations. To facilitate this a superscript notation has
been adopted to denote blade number (i.e., T (m) (x) and ¢_M™) (x) for amplitude
and phase angle of blade n at chordwise station X). Normally, a single chordwise
location will be examined at any one time, so the functional dependence on X
will be dropped for notational simplicity.

Before the amplitude and phase relationships can be developed, it is useful
to derive a simple phase shifting algorithm for higher harmonic phase angles
relative to the first harmonic phase angle. Suppose a given periodic wave
containing all harmonics, and referenced to a particular datum, is expressed in
the general form

00

2:Ck cos ky (31)

k=1

and suppose the datum (or origin) is shifted by a phase angle 51, such that the
general form becomes

20
kzlck cos k (w + 61) (32)

In the original formulation of Eq. (31) this is equivalent to rewriting the
argument of the cosine with some (as yet) undetermined phase shift for each
harmonic in the form

6, cos |
Ky + 6
Z‘=:1Ck cos \¥ k) (33)
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pis e

Since the wave form is invariant, the arguments of the cosines in Egs. (32)
and (33) must be identical, leading to

k(p + 87) = ky + 6,

or

(34)

Simply stated, this shows that if a mmltiharmonic wave is shifted by 6; in the
first harmonic, then the phase shift of the kth harmonic is k§. The required
amplitude and phase relationships for periodicity may now be derived.

The reference motion was measured on blade 6 in this experiment. This
motion is adapted from Eq. (3) to read

o8 = 5(6) et (35)

Accordingly, the first harmonic pressure response (at some unspecified chordwise
location) is rewritten from Eq. (2) as

(6)
6) = (6) i{wt+ ¢
CPl = cpl ( P1 ) (36)
and similarly, the kth harmonic response is
(6)
c © _g © 1w+ ) (37)
Pk Py
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where, in general, ¢ k(6) is the phase lead of the kth harmonic response
component of blade 6 relative to the motion of blade 6. Under ideal conditions,
for an interblade phase angle, o, between adjacent blades, and for the same
amplitude of motion for all blades, the motion for the nth blade is given
exactly by

LW _ 6 i@ - 6o
(38)
_ =(6) i[wt + (n-6)0]
= da e

(Note that a positive value of ¢ implies that the motion of blade n leads the
motion of blade n-l by 6.) On this basis, the first and kth harmonic pressure
response for blade n is related to the blade 6 response by

c ) _ c (6) ei(n—6)o
P1 P1 (39)
Cp(n) -c (6) eik(n—6)o (40)
k Px

where the kth harmonic phase shift in Eq. (40) is a direct comsequence of Eq. (34).
Now expand both sides of Eq. (40) separately. In analogy with Eq. (37), the left
hand side of Eq. (40) will be referred to the motion of blade 6 by introducing a
general kth harmonic phase angle relative to the time referemnce, kwt,

(n)
P

(n))

(n) el (kwt + ek

k

c = Cp (41)

By virtue of the instrumentation used in the experiment, Bk(n) is the actual kth
harmonic response phase angle measured on blade n relative to the motion of
blade 6. Similarly, the right hand side of Eq. (40) becomes

(6)) eik(n—6)u

¢ © tk@8)o_z (6 1 (ke + o,

(42)
Py P
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With the assumption that the amplitudes of all blades are equal, the arguments
of the exponentials in Egqs. (41) and (42) may be set equal. On cancelling kut,
the result for the generalized kth harmonic is

(6)
eén) = ¢pk + k(n-6)¢ 43)

(6

or, on solving for ’pk s

- k(n-6)¢ (44)

6) _ (m
% =0,

Pr

It was stated earlier that in the ideal case the blade-to-blade response
phase angles would be identical. In Eq. (44), Gk(n) is the phase of the kth
harmonic pressure response measured on blade n relative to the motion of blade
6. Under the ideal conditions just cited, if ek(ﬂ) is adjusted by the quantity
k(n-6)0, it will yield the phase shift of the kth harmonic response of blade 6
relative to the motion of blade 6, ¢, 6 , since ideally, this is invariant
over the entire cascade. However, there is, in reality, some blade to blade
variation, so the removal of k(n-6)0 from the measured ek n) on the right side of
Eq. (44) must be interpreted as yielding the kth harmonic of the response phase
angle of blade n relative to its own motion ¢Pk N/ and hence Eq. (44) is rewritten as

0 ™ - 6™ - k(n-6) (45)
k
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APPENDIX 2

POSSIBLE SOURCES OF GAPWISE PERIODICITY SCATTER

Four possible sources for the observed scatter in the gapwise periodicity
data will be identified in this Appendix. In general, the results of this brief
examination must remain inconclusive. The first three can be quantitatively
assessed and do not appear to be major contributors to the problem while the
fourth is impossible to evaluate quantitatively within the scope of this program.

Variation in Cam Eccentricity

The eccentric cams used to produce the sinusoidal pitching oscillations had
small variations in their eccentricities as a result of machining tolerances.
The analytical design of the cams showed that small errors in eccentricity would
be manifested linearly as small errors in amplitude; i.e., if e is the eccentricity,
a is the resultant amplitude, and subscripts O and A denote nominal and
actual values, then

aaldo = ealeo (46)

For simplicity, all pressures measured in the course of this experiment were
normalized by the appropriate nominal amplitude (cf. Eq. (1)). 1If the resulting
pressure coefficient magnitude is denoted by T g and the actual pressure
coefficient magnitude (for the actual amplitude, &, experienced by the blade)
by Cﬁg), then from Eqs. (1) and (46),

—(n) —(n)
.E(n) _ Cpo Cpo
Pa ;A/ao €A/€o 47)

A "worst case" condition was chosen to apply this correction. This was taken
from the upper left panel of Fig. 14 for a = 2 * 2 deg, o = =135 deg, k = 0.151,
and for 0.012U. The results are summarized in Table 7. All cam eccentricities
are listed, together with their ratios to the design value, ¢, = 0.103. Values
of the pressure coefficient amplitude plotted in Fig. 14 are listed as T 2 s

and have been "corrected" to actual values by Eq. (47).
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It is seen that there is virtually no change in the scatter of pressure
data, which is to be expected because the eccentricities are within 2 percent
of their average value while the pressure data scatter is over approximately
13 percent of the average pressure. Furthermore, Fig. 14 shows that for 0.0120
there is an inconsistent scatter pattern over the range of 0, a significantly
different gapwise variation for 0.012L, and no scatter for 0.062U. It can be
concluded, therefore, that wvariations in eccentricity play a small role in the
observed scatter of gapwise data.

Variation in Local Dynamic Pressure

In like manner, the possibility that local variation in dynamic pressure
might cause some gapwise scatter was investigated. Again, nominal and actual
values are denoted by subscripts O and A, and, by the definition of dynamic
pressure,

1
q=50 V2 (48)

a gq-corrected version of Eq. (47) may be written as

_(n)
o - P (
PA = ) 49)
(VA/VO)

A further adjustment to the values used in this correction is required because
blade locations do not coincide with sidewall static measurement locations. Hence,
the "actual" velocity, Vao, in Eq. (49) must be interpolated to represent the free
stream value at the blade, and a linear interpolation between static wall locations
was used.

All pertinent values are contained in Table 8. The measured velocities together

with the height of the measurement station were used to compute the interpolated
velocity, V4, at the blade, and the ratio, VA/VO’ was computed relative to

the tunnel reference velocity Vo = 61 m/sec. This time the values of C g

were taken directly from Ref. 8 for a = 2 * 2 deg, 0 = 135 deg, k = 0.122, and for
0.012U, but this gapwise distribution is substantially the same as that in Fig. 14
for 0 = 135 deg and k = 0.151.
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Once_again there is virtually no change in the scatter of pressure
data, Csx), as a result of this correction. Furthermore, if q-variations
were significant in producing scatter, all blade locations would be expected
to participate in the change because, as with cam eccentricity, q is a parameter
that affects the entire blade. Clearly this is not the case here, and hence
g-variation can also be dismissed as a major contributor to gapwise scatter.

Variation in Transducer Placement

It has been noted that the greatest scatter at @y . = 2 deg occurs near
the leading edge where the greatest local pressure gradient occurs. If a
transducer orifice were misplaced from its nominal location, this steep
gradient could magnify a discrepancy between the desired measured value and
the actual measured value by the slope of the gradient, and small random
machining errors in orifice placement could lead to larger scatter in the
data. Hence, measurements of transducer orifice locations were made for all
instrumented blades except blade 6 (which was unavailable at the time), and
these values for 0.012U are listed in the second column of Table 9 as X,.
(The nominal value is X, = 0.012.)

It was decided to use the gradient for a theoretical steady flat plate as
a first approximation. This has the form

—(m T
Cro = \/ Xo (50)
Xo

for X, and a comparable relationship for ESX) and X,. This time it will

be assumed that T R is the measured value at X, and the degree to which a
correction to ng reduces scatter will be evaluated. Hence, the relationship
between these two quantities becomes

() () 4/-x;) /x,

Cpo = Cpyp
NCERET G

Values from Table 7 will be used, and in accordance with the statement just made,
the ng) values in this table will be listed as CSR) in Table 9.
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As before, the corrections do not account for the scatter, and in a few
locations, make it worse. Hence, this too must be discarded as a possible source.

Variation in Local Blade Contour

From the observations of the data, and the analyses performed above,it
would appear that if the scatter is blade-related it would necessarily be a
local phenomenon since it appears to have a different behavior for different
locations. Hence, one can speculate that local blade-to-blade variations in
surface contour near the leading edge station could contribute to some of the
observed scatter. However, this is extremely difficult to assess because of
the inherent inaccuracies associated with measuring minute surface irregularities
in a region of rapid changes (i.e., the leading edge) and the additional
difficulty of interpreting these irregularities in terms of the periodic
scatter they may produce. At best, this must remain an open question.

However, this may be carried a bit further. Examination of Fig. 14 and
of the tabulated data in Ref. 10 for 0.012U shows that the scatter pattern at
any given o seems to remain the same as k is varied, and is similar for
neighboring values of o, but note that there are significant changes in this
scatter pattern from o = -135 deg to ¢ = 0 deg and further differences to o =
45 deg. When this is further evaluated in the light of the patterns shown in
Figs. 13, 15, and 16, it is evident that aerodynamic interactions may also be
taking place that are dependent on both amplitude, incidence angle, and
interblade phase angle. Thus, the only conclusion to be reached, with the
present state of knowledge, is that the study of potential sources for the
observed data scatter must remain inconclusive.
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APPENDIX 3

ACOUSTICAL RESONANCE

The object of the material presented in this Appendix is to show that
the acoustical resonance phenomenon is a plausible explanation for the gapwise
phase gradient when ¢ = 0 deg. However, it is important tc note that no proof
that the phenomenon exists is claimed or implied.

The concept of acoustical resonance in a cascade has been discussed by many
authors, mostly in the context of a singular behavior of the cascade solution
in a compressible flow. A more physical approach was recently described in
Ref. 17 in which the general formula

2kM t/C

Z 2
\V1-M2 s1in2 B] ¥ McosB} v=0,1,2,... 52)

2mv * 0 =

is given. Here k is reduced frequency, M is Mach number, t/c is gap/chord
ratio, and B¥ is stagger angle. This solution represents two possible
modes: a forward wave with v = 0 and use of the upper sign, and a backward
wave with v = 1 and the lower sign. Both of these modes are valid, and both
are computed. The parameters used here are:

M¥€0.18
t/c = 0.75
BY = 30 deg

A straightforward computation for the three test values of k leads to the results
given below.

forward wave backward wave
v =0 \’-1
k o (rad) o (deg) o (rad) o (deg)
0.072 0.023 1.3 6.266 -1.0
0.122 0.039 2.2 6.255 -1.6
0.151 0.049 2.8 6.248 -2.0

With these values nested so closely about o0 = 0, it is obvious that the opportunity
for resonance exists.
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APPENDIX 4

HIGHER HARMONIC BEHAVIOR AND WIND TUNNEL DISTURBANCES

An examination of the tabulations of data in Ref. 8 shows that significant
higher harmonic amplitudes exist in the single surface data that disappear on
taking the pressure differential across blade 6. An example of this phenomenon
is shown in Fig. 35 for 2 + 0.5 deg at ¢ = -45 deg and k = 0.072. The three
panels across the top are pressure magnitude for the upper and lower surfaces,
and the difference across blade 6, and the three panels across the bottom are
the response phase angles for these pressures. Within each of the single
surface panels and within the pressure difference magnitude panel, the
circle, triangle, and square symbols denote the first, second, and third
harmonics, respectively. The most striking features of these distributions
are: 1) the constant chordwise level of higher harmonic response amplitude
for the single surface data, 2) the same behavior for the higher harmonic
phase angle distributions, and 3) the equality of the upper surface distri-
butions to the lower surface distributions. By virtue of this equality at
each chordwise station, the higher harmonic content of the single surfaces 1is
cancelled on taking the pressure difference. This is evident in the upper
right panel where, over most of the chord, the second and third harmonic
pressure difference is nearly an order of magnitude smaller than either of the
single surface values. No second and third harmonic pressure difference phase
angles are plotted in the lower right panel because these data are now scattered
and exhibit no trend.

A further sample of this behavior is shown in Figs. 36 and 37. These are
spectral histograms for amplitude and phase angle, respectively, of the x = 0.261
station, chosen to remove it from the immediate effect of the leading edge. The
three columns in each figure are for the upper, lower, and differential values,
and several cases are presented in the vertical panels. Within each panel the
harmonic value is plotted as a vertical line at each harmonic number. The
appended numbers above each first harmonic amplitude represent the value for out
of scale responses. It is seen that the upper and lower surface spectra, both
amplitude and phase angle, are nearly identical for second and higher harmonics,
and that the vector subtraction of these equal and in-phase components leads to
a significantly smaller differential result.

Some speculation on the origin of this phenomenon is in order. An examina-
tion of the data in Ref. 8 reveals the following: 1) the phenomenon is most
prominent for 2 + 0.5 deg and is still in evidence for 6 + 0.5 deg, 2) the higher
harmonic amplitudes have virtually disappeared when a = 2 deg, and 3) the harmonic
distribution shifts as k changes. The first two observations imply that the origin
of the higher harmonic behavior is independent of motion amplitude, and may even be
constant, since normalization with respect to motion amplitude causes its level to
vary inversely with amplitude. The third observation is significant in that it
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implies no connection between the frequency of the motion and the frequency of

the phenomenon (because for each run and point the Fourier analysis was based on
motion frequency). Thus, it may be surmised that the disturbance is a longitudinal
wave in the test section, possibly associated with the tunnel dimensions and the
flow or source characteristics. This is supported by its disappearance on

taking differences.

This phenomenon was not seen before in Refs. 1-4 because 1) previous motion
amplitudes were always a = 2 deg and at this level the pressure wave is
barely discernable, and 2) in this current test the improved data system (ATLAS)
was capable of making more precise measurements. Whatever the phenomenon, it is
not believed to contribute strongly to first harmonic periodicity scatter (Figs.
13-16) because most of the observed amplitude scatter is at a = 2 deg (Fig.
14) where this effect is least evident. There is a possible contribution to
phase angle scatter but there is no way to prove this without more extensive
tests.
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TABLE 1
DIMENSIONLESS AIRFOIL COORDINATES IN FRACTION OF CHORD

c = 15.24 cm (6 in.)

SUCTION SURFACE " PRESSURE SURFACE

X +y/c " X -y/c
0.0008 0.0020 0.0012 0.0019
0.0046 0.0053 0.0054 0.0042
0.0070 0.0064 0.0080 0.0050
0.0120 0.0083 0.0130 0.0061
0.0244 0.0116 0.0256 0.0077
0.0494 0.0164 0.0507 0.0098
0.0743 0.0204 0.0757 0.0115
0.0993 0.0237 0.1007 0.0129
0.1494 0.0290 0.1506 0.0150
0.1994 0.0331 0.2006 0.0165
0.2495 0.0364 0.2505 0.0177
0.2996 0.0387 0.3004 0.0185
0.3998 0.0411 0.4002 0.0188
0.5000 0.0406 0.5000 0.0176
0.6002 0.0370 0.5998 0.0146
0.7003 0.0306 0.6997 0.0104
0.8003 0.0223 0.7997 0.0069
0.8503 0.0176 0.8497 0.0053
0.9003 0.0127 0.8997 0.0040
0.9502 0.0078 0.9497 0.0032
0.9975 0.0030 0.9973 0.0025

RADIUS CENTER COORDINATES

L. E. RADIUS/c = 0.0024 X

0.0024, y/c = 0.0002

0.9972, y/c = 0.0003

T. E. RADIUS/c = 0.0028 " X
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a) Blade Transducers, Fractions of Chord

TABLE 2

TRANSDUCER ORIFICE LOCATIONS
(FRACTION OF CHORD)

Values of X
Blade
Number Suction Pressure
Surface Surface
6 0.0120 0.0120
0.0622 0.0622
0.1478 0.1478
0.2612 0.2612
0.3924 0.3924
0.5297 0.5297
0.6608 0.6608
0.7742 0.7742
0.8598 0.8598
0.9100 0.9100
3,5,7,9 0.0120 0.0120
0.0622
4 0.0050
0.0120
0.0350
0.0622
b) Sidewall Transducers, Gap Fraction

From Blade 6 Suction Surface

wall Station Gap Fraction
Number n

-0.125
0.0
0.062
0.125
0.25
0.50
0.75
0.875
0.938
1.125

SW®NOUEWN -
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TABLE 3

BLADE DATA CHANNELS

MODE 1 MODE 2
ATLAS BLADE OR BLADE OR
CHANNEL WALL x Or q WALL X Of p
' TON LOCATION

NUMBER 77PPCAT
1* a - a -
2% 6S1 0.0120 651 0.0120
3* 6S2 0.0622 682 0.0622
4 653 0.1478 3s1 0.0120
5 654 0.2612 382 0.0622
6 6S5 0.3924 3P1 0.0120
7 656 0.5297 481 0.0050
8 6S7 0.6608 482 0.0120
9 658 0.7742 483 0.0350
10 6S9 0.8598 484 0.0622
11 6510 0.9100 551 0.0120
12* 6P1 0.0120 6P1 0.0120
13* 6P2 0.0622 552 0.0622
14 6P3 0.1478 5P1 0.0120
15 6P4 0.2612 781 0.0120
16 6P5 0.3924 752 0.0622
17 6P6 0.5297 7P1 0.0120
18 6P7 0.6608 9s1 0.0120
19 6P8 0.7742 952 0.0622
20 6P9 0.8598 9P1 0.0120
21 6P10 0.9100 W3 0.062
22 Wl -0.125 W5 0.250
23 w2 0.000 w7 0.750
24* W 0.125 Wa 0.125
25 15 0.500 w8 0.875
26 W10 1.125 %] 0.938

* DENOTES REDUNDANT CHANNEL

NOTES: eBlade location notation -~--

382 -+ blade 3, suction surface, second
transducer aft of leading edge
(P denotes pressure surface)

e Transducer location valueg —-~

X is blade chord fraction
7 18 sidewall gap fraction
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TABLE 4
UNSTEADY DATA CYCLE PARAMETERS

(1000 samples/sec acquisition to 1024 samples storage)

Nominal Number of Maximum
Frequency Cycles for Harmonics from
f(Hz) Analysis Sampling Theory
9.2 9.4 54
15.5 15.9 32
19.2 19.7 26
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TABLE 5

VALUES OF AERODYNAMIC DAMPING PARAMETER

Aerodynamic Damping
Parameter, = , for

Incidence Pitching Interblade
Angle Amplitude Phase Angle f=9,2 Hz 15.5 Hz 19.2 Hz
@ycL a o k = 0.072 0.122 0.151

2 0.5 -135 0.5169 0.5472 0.5689
- 90 0.7189 0.7506 0.8247

- 45 0.8922 0.8632 0.8215

0 0.3039 0.2175 0.2136

45 -0.5578 -0.5500 -0.4745

90 -0.5260 -0.3385 -0.3703

135 -0.3158 -0.1849 -0.2038

180 0.1163 0.1846 0.2351

2 -135 0.5194 0.5218 0.5564

- 90 0.7784 0.8178 0.8442

- 45 0.8728 0.8455 0.8382

0 0.2055 0.2266 0.1883

45 -0.7438 -0.6235 -0.5577

90 -0.5359 -0.4735 -0.4610

135 -0.3544 -0.2822 -0.2678

\ 180 0.0590 0.1252 0.1460
6 0.5 -135 0.2772 0.3423 0.3841
- 90 0.5688 0.6057 0.6223

- 45 0.5770 0.5799 0.5673

0 0.1414 0.1036 0.0812

45 -0.4287 -0.3421 -0.3083

90 -0.4355 -0.4348 -0.3796

135 -0.2806 -0.2171 -0.2440

180 0.0787 0.0460 0.0639

2 -135 0.2888 0.3603 0.3803

- 90 0.6251 0.6561 0.6874

- 45 0.7034 0.7434 0.7339

1] 0.1708 0.1031 0.0935

45 -0.4757 -0.3861 -0.3529

90 -0.4313 ~-0.3991 -0.3793

135 -0.2141 -0.2132 -0.2046

J 180 0.0588 0.0828 0.1023
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TABLE 6

GAUSSIAN QUADRATbRE VALUES

Station Gaussian Weighting Physical
Number Coordinate Coefficient Coordinate
] zj Wj Xj =2 Ej
1 0.013047 0.033336 0.01203
2 0.067469 0.074726 0.06221
3 0.160295 0.109543 0.14780
4 0.283303 0.134633 0.26121
5 0.425563 0.147762 0.39238
6 0.574437 0.147762 0.52965
7 0.716698 0.134633 0.66082
8 0.839705 0.109543 0.77423
9 0.932532 0.074726 0.85982
10 0.986954 0.033336 0.91000

(z = 0.92203)
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ECCENTRICITY CORRECTION TO

Blade and €A

Cam No.

W o~NOun PN -

ol
=

NOTES:

(inches)

0.1055
0.1037
0.1051
0.1055
0.1052
0.1002
0.1067
0.1044
0.1040
0.1056
0.1040

TABLE 7

eA/eo

1.0243
1.0068
1.0204
1.0243
1.0214
0.9728
1.0359
1.0136
1.0097
1.0252
1.0097

ec = 0.103 is the design value

eValues of EP (n)
o
a =2+ 2 deg
6 = =135 deg
k = 0.1516

File 38, Run 8, Point 7
X = 0.012 suction

59

PRESSURES

taken from following conditions

- (n) - (n)
Cpo CpA
25.412 24.90
24 .949 24.36
19.745 19.33
25.401 26.11
22.041 21.28
19.895 19.70
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LOCAL DYNAMIC PRESSURE CORRECTION TO PRESSURES

Static Tap Measured Blade
Location Velocity Blade Location
h/heyy Vv, m/sec No. h/hoyy
0.898 59.6
0.815 62.0
- - 3 0.750
0.731 62.3
- - 4 0.667
0.648 60.9
- - 5 0.583
0.565 61.5
0.509 61.0(ref)
- - 6 0.500
0.454 60.7
- - 7 0.417
0.370 60.4
0.287 59.9
- - 9 0.250
0.204 59.8
0.120 55.5
NOTES:

*V, = 61.0 m/sec_is the reference value

e Values of Cpo(n) taken from following conditions (cf. Ref. 10)

a™ 2+ 2 deg

g = 135 deg

k = 0.1223

File 28, Run 7, Point 4
x = 0.012 suction

TABLE 8

Interpolated

Vel, at Blade

V,, m/sec XA
62.2 1.020
61.2 1.004
61.4 1.006
60.9 0.999
60.6 0.993
59.9 0.982

24.405

24.568

18.860

25.173

20.981

19.589

- (n)
CpA

23.43

24.39

18.62

25.21

21.27

20.33
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TABLE 9

TRANSDUCER PLACEMENT CORRECTION TO PRESSURES

Measured First

Blade Number Orifice Location

n

L - B NV R i ¥

NOTES:

Xp

0.0128
0.0125
0.0112
0.0123
0.0130

*Xo = 0.012 is the reference value

eValues of EpA(“)
a =2+ 2 deg
g = =135 deg
k = 0.1516
File 38, Run 8, Point 7
X = 0.012 suction

. (n)
Cpy

25.412
24.949
19.745

22.041
19.895

taken from following conditions

Correction
Multiplier
(n)
Eq. (2-6) Cp,
1.033 26426
1.021 25.47
0.966 19.07
1.013 22.32
1.041 20.72



‘zrw 4‘

Z9

T—ril—€0—-6L

OSCILLATING AIRFOILS <

BOUNDARY LAYER CONTROL

/

\_JL

A | g

DRIVE MOTOR

Figure 1 Schematic of Subsonic Oscillating Cascade Wind Tunne!

/A0

INLET BELLMOUTH
(TWO POSITIONS)



€9

B,* =BLADE STAGGER ANGLE \

B8, =BLADE INLET ANGLE

CASCADE LEADING
EDGE PLANE

PRESSURE SURFACE

-

—— -

— e

SUCTION SURFACE

Figure 2 Cascade Geometry

S—Ly—E0—6L



%9

1-¥8—9—I8

C=1524cm(6in)

PRESSURE SURFACE

SUCTION SURFACE

Figure 3 Cascade Blade Profile

+Y cm—)



<9

r—viLl—E0—6L

CAM BAR

CENTER OF INTERNAL PULLEY

UNIDIRECTIONAL
ROTARY MOTION

\/*
R s
&
w

AIRFOIL ———
- e e e P " )

-

CENTER OF
ECCENTRIC CAM

-
-
——-"

OSCILLATORY
MOTION

MOVING LINK BARS

Figure 4 Four-Bar Linkage to Produce Sinusoidal Motion



99

Z-v8-9—18

HIGH RESPONSE __
ON SUCTION ORIFICES
SURFACE STATIC ORIFICES -‘ .

LOCATIONS OF
PRESSURE SURFACE
ORIFICES

:"]

15.24 cm
6in.)

12% ® ®
6.2% o @

148% o ® !

261% o o

392% e o

SUCTION SURFACE 53.0% o o

66.1% o o

77.4% ® ¢

86.0% o o
91.0% o @

e e mm - s - Em e w - = = ]
i L LTSy =

LEADING EDGE

0.953 cm (0.375 in.) - —
0.635 cm (0.25 in) ] e

25.4 cm
(10in.)

Figure 5 Schematic Plan View of Instrumented Airfoll

TRAILING EDGE



L9

TRANSDUCERS ——

t I I I
PRESSURE SURFACE .
00900 T !
[+ L —
[codoo
! l 00¢00
]
0.1834 ¢cm
SUCTION SURFACE . 1.203%
. ORIFICES TO
l SUCTION SURFACE 0.9482 ¢cm
2.2525 cm 6.221%
3.9809 cm 14.780%
26.121%
| | 1 1 L |
0.30 0.25 0.20 0.15 0.10 0.05

r—v8-9—18

CHORD FRACTION FROM LEADING EDGE, x

Figure 6 Section View Showing Suction Surface Instrumentation

LEADING EDGE



UPPER WALL

BLADE NO. 1 PRESSURE

FULLY INSTRUMENTED
CENTER BLADE

LOWER WALL X DENOTES PARTIALLY INSTRUMENTED BLADES

Figure 7 Schematic of Cascade Showing Instrumented Blades

81-6-84-3

68



69

BLADE 7

BLADE 6 (PRESSURE)
(SUCTION}

572 cm 7=1143cm
2.25in.) (4.5in.)

(PRESSURE)

Sv8918

(SUCTION)

Figure 8 Sidewall Transducer Array



FRACTION OF TUNNEL HEIGHT FROM FLOOR

apycL UPSTREAM DOWNSTREAM

2° ———— —— O —
TUNNEL 6° ——k—- -—= L
10 CEILING
szMDBEER A é
1 ’ I
09
4 9 \
\ ~
2 k é \\
0.8} \ \
p \

0.7F

0.6}

3
&
05— 6 \
|
L, 3
041 & J
L \
X /
- /&,

it it S NP bt

P

TUNNEL
REF.

10 -
I’ y/ i)
0.1 A d
l— 11
+ 2% FULL SCALE
TUNNEL
FLOOR
0 i i 1 1 - i i 1 1 1 1 |

0.78 0.80 0.82 0.84 0.86 0.88 0.80 0.92 0.94 0.96 0.98 1.00 1.02 1.04

FRACTION OF NOMINAL REFERENCE VELOCITY

Figure 9 Steady-State Velocity Profiles

81-6-84-8



1L

6—v8—9—1L8

STEADY PRESSURE COEFFICIENT, p/q

0,8 TEST
O REF. 4

2oL =6

SUCTION SURFACE

(CASCADE PRESSURE RISE)

CURRENT
TEST

—{0.298
—0.330

REF. 4

-0.8
-0.6
0.4

el =2° _

»

o9

-0.2 T

’ >

@

SUCTION SURFACE w

w

Q

0 3

<

e

0.2 PRESSURE SURFACE —0.185
0.4
0.6

08 1 ] ] |l
0 0.2 0.4 0.6 0.8 1.0

Figure 10 Steady-State Chordwise Pressure Distributions

CHORD FRACTION, x

1.0



FLOW TURNING STATIC PRESSURE RISE
A8, deg COEFFICIENT, Ap/q

TOTAL PRESSURE LOSS
COEFFICIENT, Zp

O CURRENT EXPERIMENT
J\ DATA FROM REF. 4
+ PREDICTED MINIMUM LOSS

0.4
A
a
A
03 o
0.2 o
0 ] | | 1 1
12
s A
10
8
(o]
0.10
0.08 |-
0.06 - a
A
0.04 o
0.02¢ g
0 1 1 1 | ]
0 2 4 6 8 10 12
MEAN CAMBERLINE INCIDENCE ANGLE, apcy . deg
Figure 11 Steady-State Performance Parameters
81—-6—84—6

72

i1



CALIBRATION  AMPLIFIER
RELAY W. FILTER
CH NO. 1 g—— DATA
INPUT F\— MODULE
-o 1
CH NO. 26 DATA
INPUT —'\.— MODULE
-—9 26 I
¢ = ¢
1-26 !
CALIBRATION c%?ququEgL
SOURCE UNIT
TRANSIENT
RECORDER
| -
PERKIN ELMER 7/16 GRAPHIC
MINICOMPUTER DISPLAY
TAPE : OPERATOR
UNIT CONSOLE
Figure 12 ATLAS Block Diagram
81-2-140-5

73



7L

FIRST HARMONIC PRESSURE COEFFICIENT, Cp, 1(n)

35

30

25

20 ¢

15 ¢

10

35

30

25t

20

15}

10

o= —-135°

o
A

o

| o9 ©
o 0® p
o o QO

;AMAA A

J
:

1

e

2 4 6 8

10

0.062U
0.012L

-45°

b. [
L D D
 AAAA L

L.

135°

o 0O

4

Opn

AAAAA

0e

»

2

4

BLADE NUMBER, n

6

8

10

Figure 13 Gapwise Pressure Amplitude for o =2°+0.5° and k =0.151

180°




SL

FIRST HARMONIC PRESSURE COEFFIGIENT, Cp 1(")

35’

@ oo
A o052
O oo
o= —135° -90° - 45°
i
e & i 1 - 1
o> e % ¢ = i
D 4 g }
|, O o ® o o® o .
o o 0 9
A . L 4 DDD 4
AAAA
0=45° 90° 135°
|
1 [ ° 1 '. ® nll
‘ . i L‘.‘ 2- L . 3 .-
@ ® 3 : i : o :
! i I a ] [ 1
o o A
AAAAA A AAAAA A AAAAR A
2 4; é é 10 2 2 é é 10 2 :1 g g 10

BLADE NUMBER, n
Figure 14 Gapwise Pressure Amplitude for o =2°+2° and k=0.151




SYMBOL X

e

9L

FIRST HARMONIC PRESSURE COEFFICIENT, C‘;.1 ")

@ oo
A o052
O oo
o= —135° -90° —45°
® ®
30t 3 3 p
25 i o <
% o o o
20t ® : s o ] .
° o® Y
15 | : ! - . o
O o [
a 0O g [
“lgad, a1 Iga%a 1 [, oo ¥
AA A O
5 | S AA  BAsA A " EAA "
0 . . A A A
0=45° 90° 135°
35
30¢ o -~ L
®
25} X J S ) 1
20 ® ® O
[ _® [ 0e0 I ® ]
15} ® ... @ - .~
® g 0O
10} . gQO (m | 0 )
A
s-iAAAH A  HaRAA A B, HAA A
0 A N i 3 3 i

2 4 6 8 10

2 4 6 8 10

BLADE NUMBER, n

Figure 15 Gapwise Pressure Amplitude for « =6°+0.5° and k =0.151

0°

-‘ -
®

@ e® o
A ARM R
| G0 .
B . -

]
! a ;
.RARAA ]
STATT6 70



LL

FIRST HARMONIC PRESSURE COEFFICIENT, Cp_ (n)

30

251

20t

15}

10

35

30}

25|

20

o= -135"
“
. <4
.. ¢
O T
AAAD O
LD D
AA
o
o %o
o o
o1
i‘ai A
B S S TV

w
<
=
o]
(o]
=
>

@ oow
A oos2u
0O oo
-90° —45°
‘.
o
® '3 o ® ®
..’ J L . J
A
| ®Ta 0 O] | ®
D oA O O
- A% L Banda ]
90° 135°
} _
O o®
" . .' " . .‘
® °
9 . . D 4
A o 0OJ i AA ]
PA D
O
T AZa ) # oaa
46 6 0 24 6 8 10

BLADE NUMBER, n

Figure 16 Gapwise Pressure Amplitude for o =6°+2° and k =0.151

. o
o
_‘.. L B
- A 0.
Ag”
2 4 é 8 10



A

8L

FIRST HARMONIC PRESSURE PHASE ANGLE, &, . )

180

180

170

160

150

140

130

120

220

210

200

180

1801

170

160

150
2

o= —

135°

SYMBOL X SCALE

@ ooizu  LEFT
A 006U LEFT
O oo012L RIGHT

BLADE NUMBER, n

-90° -45°

N ] i ]
- Al'_'lAA O J

eefbe §. By L
L 0O 4 _. 88
! ] [

N N . 4 0
0 _a 3. _ _
4792 2 ag®e ¢
0 T‘ R o
! o o —

r ]
2 11 é é 10 2 2 (li a 10

Figure 17 Gapwise Pressure Phase Angle for o =2° +0.5° and k =0.151

0°

AA“ ® {350

1340

1330

1320

1310

1300

180°

290

50

1350

340




6L

FIRST HARMONIC PRESSURE PHASE ANGLE. ¢y, (n)

180

1801

170

160}

150

140

130

120

o= -135°

"AAAAA
00333

220

210f

200

1901
180}
170¢
160t

150

SYMBOL

X

SCALE

o

A

O
-90°
AAAL, A1
L b o,
5

o
-

2 4 6 8 10

0.012U

0.062U

0.012L

LEFT
LEFT

RIGHT

—45°

- A‘A‘A A
-.’00. o
L D D D -

135°

o228 2

180°

BLADE NUMBER, n

Figure 18 Gapwise Pressure Phase Angle for o« =2°+2° and k =0.151

350

1 340

330

4 320

310
300

60

150

40

30

20

350



[

08

FIRST HARMONIC PRESSURE PHASE ANGLE, ¢p, ()

o= -135"

190

180

170}

160}

150

140

130

120

220

210

200+

190}

1801

170}

160}

150

SYMBOL

o

A

O

]
A
A

LA L® A ]
o

A o

o Dﬁ ;

90°

-

Figure 19 Gapwise Pressure Phase Angle for o« =6°+0.5° and k =0.151

10

.5
0.012U
0.062U

SCALE,
LEFT

LEFT

0.012L RIGHT

_45°

135°

-4

! o i
2429 g
2 J

2 4 6 8 10

BLADE NUMBER, n

0°

1350
1340
1330
l 320

4310

180°

300

50

130

1350

340



18

FIRST HARMONIC PRESSURE PHASE ANGLE, ¢>p1 (n)

190
180}
170}
160}

150}

140

130

120

220

210

200t

190

1801

170

160}

150

a=-135°

SYMBOL X SCALF

@ oonu ket

A o052u en

O oot RIGHT
-90° -a5"

o=45°

90° 135°

10 2 4 6 8 10 2 4 6 8 10
BLADE NUMBER, n
Figure 20 Gapwise Pressure Phase Angle for « =6°+2° and k =0.151

0*

1340

4330

1320

1310

180"

300

50

440

130

420

1350

340



8

EL—$B—9—1L8

—
o
~]

AERODYNAMIC DAMPING PARAMETER,

1.0

08

06

0.4

02

0.4

-0.6

-0.8

-1.0

»D>O

05°

REF. 4

>Je)

opb

STABLE

upyoL =2°

bo

apoL =6

UNSTABLE

THEORY (REF. 10}

A
AA

op

R o

-200

-100 0 100

200

-200 -100
INTERBLADE PHASE ANGLE, o, deg

100

Figure 21. Effect of Pitching Amplitude on Aerodynamic Damping Parameter for k =0.072




<8

Li—¥8—9—18

—
-
—

o8

02pF

AERODYNAMIC DAMPING PARAMETER,

-1.0

1.0

o
O o5°

A 2

A REF.4

0.6p

04

0.2 —2

opeL=2°

ob

STABLE

>o

oapeL=6°

06

08

UNSTABLE

> o

>o

1 ] 1

-200

-100 0 100

200 -200

-100

INTERBLADE PHASE ANGLE, g, deg

100 200

Figure 22 Effect of Pitching Amplitude on Aerodynamic Damping Parameter for k =0.122



%8

TL—vRe—9—18

O o05°

A 2
A FREF.4
1.0
0.8 é o oy =2° - A amcL =6°
3 A

oer Q B o‘
I1 ‘
a«
woQ4f - o A
: A
g (o)
T o02p o X - A
g A A 6 & 6
2 STABLE
S 0 UNSTABLE
= "
O - =
s 02 2 A A 6
2 ]
> O o
g 04p -
g o 4
< A

06} -

08r =

-1.0 1 i i | 1 1

-200 -100 0 100 200 -200 -100 0 100 200

INTERBLADE PHASE ANGLE, o, deg

Figure 23 Effect of Pitching Amplitude on Aerodynamic Damping Parameter for k =0.151



S8

oL—98-9—i8

AERODYNAMIC DAMPING PARAMETER, =

1.0

AMeL
o 2°
A 6°

08|

02

STABLE A

02

-1.0

=2°

-1}

Do

UNSTABLE

] 1 1 |

-200

oD

-100 0 100 200 -200 -100 0

INTERBLADE PHASE ANGLE, o, deg

Figure 24 Effect of Incidence Angle on Aerodynamic Damping Parameter for k =0.122

100

200



17

98

L-v8—9— I8

PRESSURE DIFFERENCE COEFFICIENT, ACp

30 b 0=-135° J
" REAL 1
20f o/_ ]
10 3 ° -
) o ]
[ °© oo % |
0 AASAAl
A
L A 4
d o
L \IMAGINARY J
-10L—l—l—l—l—-l—l—l—l—m
g=45° 4
20 b,
10

A R )
3 A 0O o o
0 A 4
-10r 4
r

0 0.5 1.0

Phase Angle for o =2°+0.5° and k =0.072

L o=-90° 20k o=-45°
L < D 4
b - b e
20t ] - ]
L o 5 4
"o E 10 Lo g
3 L b E
10 - ] [ © ‘
9 o - o e
L. O o S 00 6 ° o
S lo) F 0 a A
5 o E L A -
ol s 8RR % .
b A A 4 L -
b < -10 ,A r
3 L 3 L
LA 4 L d
-10p L f L
b L -
|A A& A I e ' 4 A A _20 a2 s A A A re Iy 4 Il
L 0=90°4 0=135°
30 “ o -
? 1 ot 1
20F “ 3 r
3 1 200 1
LO 1 4 L
3 d L E
10‘ b 3 e
- O T 10F © 1
A Y :
(o]
3 a A ° (o] orO- s oO oo b
0 hreih Y- FA A, 001
s L 0 —‘—ﬁm-
5 4 L p
0 05 1.0 0 05 1.0

CHORD FRACTION, x
Figure 25 Varlation of Real and Imaginary Parts of Pressure Difference Coefficient with Interblade

20

10

_20 Iy a2 a a 'y A A a A
P 0=180°
! -

30 3 E
L e
s g

20 Lo 4
b L

10 - o -
[ o ]
| oo©

=

P

5 o=0°

P .
L g
o ]
- o :

o

.1-1-";1’
N




S P

L8

L8918

MAGNITUDE OF PRESSURE DIFFERENCE COEFFICIENT, ACp

30

20

10

30

20

10

0=-135° 0=-90°

PHASE ANGLE

U S

0=-45°
. A 1
A‘A_
A = — AA -.
L AA - A o
1 0 J “ ]
/—MAGNITUDE o F 0
o 1 o
o 4 o o
00, ; o o
oo © " ooo0
d oo
AT T S s 0 [L..20°."9%]

U T Y S W 1

CHORD FRACTION, x

o=45° 1 0=90° 4 0=135° ¢

9 L 9

aa E r <
A - AA - L

a - - A A - AA L, -

4 L j Lo AAA

A A r 3 Aa A s A.

L p° A 9 > e

o A L 4 L 4
A - b L > -

L b o L e o -

o ! L ! b o d
- b o * b L

° - 4 o o L > O o oo -
0 0 o £ 3 Opo 4 b o0
s a0, OD ] PP

0.5 1.0 0 0.5 1.0 0 0.5 1.0

o=180°

J

40
A A AAAA
A Yyl
{320
{ 280
° 4 240
° I
)
0°,, |
0 05 10

Figure 268 Variation of Magnitude and Phase Angle of Pressure Difference Coefficiant with Interblade

Phase Angle for o =2°+0.5° AND k =0.072

PRESSURE DIFFERENCE PHASE ANGLE, ¢4y, deg




A

88

8i—¥8-9—18

PRESSURE DIFFERENCE COEFFICIENT, ACp

20

D

|
1 3
0-0

b

-
N
0 IMAGINARY

.

20

PR S U S S N i

10

o
I'"ll
> O
»O
Q

T v v

'10 lnn..L14.4

0 0.5 1.0

20

10

20

10

-v'd-TV'U-

P S W G U W W W Y

0 0.5

1.0

20} o=-45° 20 } o=-45°
o < t <4
a 1| -
10F L 10F o
b E ho <
- 3 4
too 1 L. O o L
. o (o] e J o] ‘ K
o= ] [ a® -
pAA L r A L
o ﬂ m -
10 ¢ < _10 3 ) L
b p . L
< 3 E

R PO _zoh ..... At

6°+0.5° 6°%2°
30
20 o= 45° o=45° 1
- L
L 20 -
t0 1 4
(o] ‘ ]
o o
kA o L <
r 4429 . 10 1
0f——=2-2 2 9g : ]
[ f [ 0 ]
S < .Ang o ' .
o - C +_4—2--Ew
A0} ; -
P b 4
0 05 1.0 0 05 1.0

CHORD FRACTION, x

Figure 27 Variation of Real and imaginary Parts of Pressure Difference Coefficient with Incidence
and Pitching Amplitude for g = £45° and k =0.122



EEEESS ) A

g=-45° 4 a=-45° 4 o=-45° o=-45> 4120
30 - - A 4 a 780
- o o A o
ad 2] a 88 2t al a” Al
A
A 4 4
A b A A
A J A - a - A =10
20 - - - L
N ] abd . ahd . Al 4 320
[y e 3 - 3 r b -
l% o PHASE ANGLE o b L e L 3 - 280
H.. - lo -y - - - -
= 10 /— MAGNITUDE | | ] [ ] = ]
— L Do - -
W [e) o L 4 E P
W 0 (o]} OO S o OonooO o < b o o0 o < 9 ° [e) oo 4
8 .2 0,000p] .2 2.9%0p]
% ; a=2"+05" a=2°+2° a=6°+05" ’ a=6°+2°
w [ 1 I ‘
o) El 0=45" 4 g=45° o 0=45° 0=45° +
0 T d d L 4 4
5 30 L - o - -
I&J < o 3 P o
S 4 4 - 40
@ AL A 4 AL A, 4 LAAAAA 1 AA A a j
w - d — - - A ned |- -0
@ A
& 20k A y L A 4 5 . L A 4
O 3 AA ] > A ] b A J ol ]320
w I A i [
[a] r S d L A J L J
3 [o A o A ] A 280
: .- - - 3 J o L
Z 10b 4 ! 4 8 5 4 240
g " . [ ] o . o .
2 s J s 4 ) . o A4 200
5 o { 9 (o] ° o L o A-{ 3 o o
3 o] o L 3 (o] L o o] o 160
0_,,__‘_‘_2,3_“@: —t— JO.O.Qm s .O.anc PN - Y
0 0.5 1.0 0 05 1.0 0 0.5 1.0 0 0.5 1.0

CHORD FRACTION, x

Figure 28 Variation of Magnitude and Phase Angle of Pressure Difference Coefficient with Incidence
and Pitching Amplitude for ¢ = + 45 deg and k =0.122

SL1—98-9—19

PRESSURE DIFFERENCE PHASE ANGLE, ¢'Ap' deg



STEADY PRESSURE COEFFICIENT, P/q

!
1

1.8
apcL=2° .
orHEORY = —0.27

1 4 1 1

8.5

PRESSURE SURFACE
——T© ©9] °

o

1

o—T— SUCTION SURFACE

o)

.
-

8.8 1.9

-]
@
(-]
[\V]
®
&
Q
[*4]

[~

.

L ]
)

l -]
ML =6 .
“THEORY =2.23

x_;d?"“"’(—f:ﬁ

8.0

[ ]

b

(4]

1 2 2 B [
x

U
[
o
—
-
-
-
-
-

0.0 8.2 0.4 8.6 0.8 1.9
CHORD FRACTION, x

Figure 29 Steady-State Matching of Potential Flow Theory and Experiment

81-6-84-15

90

i3l



16
PRESSURE DIFFERENCE COEFFICIENT, ACp

oL-v8—9—18

REAL BLADE THEORY
_____ FLAT PLATE THEORY
0,0 DATA-RE, IM

-0 0= -135° -40 o= —45°
-l

-25
. GINARY PART

0- ——
: ---—-—’-'_-
. L~~~ REAL PART -==1---
" - -

20

40

60

L] 14 14 80 R L . ¥ o

06 0.8 1.0 0 0.2 0.4 06 0.8 1.0
CHORD FRACTION, x

Figure 30. Comparison of Theory and Experiment for o =2 £ 0.5 deg and k =0.122



e

==

[43

L1-98—9—18

PRESSURE DIFFERENCE COEFFICIENT, aCp

REAL BLAUE THEORY
—— — — — = FLAT PLATE THEORY
0.0 DATA-RE, IM

-50
o=-135° o= —45°
=05 a=05°
25 3
\>~. | 'MAGINARY PART
0 T | L
N R et e W,
4 REAL PART ~be---F- -
25 o
/’ ~
-y 4 [’
3/ 20 =4+
50 —171 /
1 4
_‘l
75 v v L] L L 40 L] L v L] ¥
o= -135° -40 o~ — 45°
a=2° a=2°
L’—-———”'—
v v L] v v v v

0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0
CHORD FRACTION, x -

Figure 31. Comparison of Theory and Experiment for apycy =6 deg and k =0.122



Figure 32

O «=05"°

A a=2°
SOLID SYMBOLS DENOTE
TRANSFERRED DATA

320

*
1

300~

2801

260 -

o bbe
> O

2401

220 |~

ob

200 [~
O

180 - A

8

(o}
A
o 1 ] | | 1

160

140

ADJUSTED RESPONSE PHASE ANGLE, ¢

]

e D> PO
b o
®

[ J
Ty

.

{ i | J

®
A

120 ;
6-SUCTION
1

]
PRESSURE-7-SUCTION
1

N
o

18

PRESSURE COEFFICIENT AMPLITUDE, Cps1

16

12

©
|

0.4 0.6

GAP FRACTION,

Variation of Intergap Pressure Magnitude and Phase Angle for apyc =2°, 0 = —45°,

and k =0.151

93




(o] a=0.5°

a a=2°
SOLID SYMBOLS DENOTE
TRANSFERRED DATA

360 —

340 -

320

300 I~

280 -

260 -

240 -

o » D e
(o]
e b P o

220 g
200+

180

160 - ° e

g8 |

ADJUSTED RESPONSE PHASE ANGLE, (bs?

140

1l 1 1 1 } 1l 1
6-SUCTION PRESSURE-7-SUCTION
1 1

120

20

18

PRESSURE COEFFICIENT AMPLITUDE, Cps1

14+

»0
bo

A
o ° by a *
> 838
0 | T R N B R N SN TRt e N N B |
0 0.2 0.4 0.6 0.8 1.0 1.2

GAP FRACTION, 5

Figure 33 Varliation of Intergap Pressure Magnitude and Phase Angle for apmcol =6°, 0= —45°%,
and k =0.151

81--6-84-21

9%




FIRST HARMONIC PRESSURE COEFFICIENT, Cp1

FIRST HARMONIC PRESSURE PHASE ANGLE, ¢p1

FITTED THEORY FROM REF. 12
BLADE 6 DATA AT x =0.012U
FOR 2+ 2 deg, k=0.151 -

30
20 o
10
0 ] 1
210 90
200 (o] — 60
180 —~ 30
180 —0
o
170 ﬁ) —1-30
160 - -60
150 —1-90
140 —~{-120
o
130 1 AL <150
-200 0 100 200

INTERBLADE PHASE ANGLE, o, deg

Figure 34 Comparison of Blade Data with Simple Fitted Theory

THEORETICAL PHASE ANGLE

81—-6—-84-22



PRESSURE COEFFICIENT, CpU

PRESSURE PHASE ANGLE, ¢pU

a=2+0.5 0=-45 k=0.072

o)
a

1ST HARMONIC
2ND HARMONIC

O 3RD HARMONIC

UPPER SURFACE

LOWER SURFACE

20 20
18} 181
164 _, 16k
IS
14} 14
4
12b 5 12
™
10 510
8
8 w 8'—
0
>
6 @ 6
w
al Y
2 2
0J 1 1 1 1 0
120 120
80} 80
b ju |
(o)
40+ € 40
- wi
I
0 W 5] 0
4 Z
<C
320 | w320
w
- <
280 |- T 280
w =
240 T 2404
% —
200 Y 2001
[+ -
160!

160?34}&_0-4}0@
120. 1 1 [ 120 1 1 1 1

0 02 04 06 08 1.0

0 02 04 06 08 1.0

CHORD FRACTION, x

PRESSURE COEFFICIENT, Acp

PRESSURE PHASE ANGLE Adp

20
18

16

14

12

10

120

DIFFERENTIAL

80
40
0
320
280
240
200
160

T

120

1 i | 1

0 02 04 06 08 1.0

Figure 35 Higher Harmonic Content of Pressure Magnitude and Phase Angle

96

81-6--157-1




HARMONIC AMPLITUDE, Cp,,

opcL=2°% a=05° k=0.072. \ =0.261

UPPER LOWER DIFFERENCE
4.1 3.0 6.6
3.0 0.6
2.0 0.4 FILE 70
RUN 15.01
1.0 0.2 | | 0=-135°
0 | Lll|14 L | lllIJJ_. ol |
4.3 6.0
3.0 0.6
20 0.4 FILE 64
RUN 14 01
1.0 0.2 0=-90°
0 0
4.5 4.4
3.0 0.6
2.0 0.4 FiLE 51
RUN 11 01
1.0 0.2 0=-45°
0 ‘ 0
3.6

3.0 0.6
2.0 04 FILE 45
RUN 10.01
1.0 0.2 0=0°
0 0

0 2 46 810 0246 810 02 46 810
HARMONIC NUMBER, n

Figure 36 Spectral Histogram for Pressure Amplitude

97

81-7-1-1



n

HARMONIC PHASE ANGLE, ¢p

200

100

-100

-200

200

100

-100

-200

200

100

-100

-200

200

100

-100

-200

apmoL=2% ®@=05°k=0.072. » = 0.261

UPPER

il

L,
i
Py

02 46 810

LOWER

usil
1.
is
il

02 46 8 10

DIFFERENCE

n
il
L

0246 810

HARMONIC NUMBER, n

FILE 70
RUN 15.01
0=-135°

FILE 64
RUN 14 01
0=-90°

FILE 51
RUN 11.01
0=-45°

FILE 45
RUN 10.01
0=0°

Figure 37 Spectral Histogram for Pressure Phase Angle

98

81-7-1-2

I
ey



. Report No. 2. Govel;nﬁ'\ent Accessic;n No. 3. Recipient’s Catalog No.

NASA CR-3513

. Title and Subtitle 1 s 7Report'D’ét.e¥; o

AN EXPERIMENTAL INVESTIGATION OF GAPWISE PERIODI- June 1982

CITY AND UNSTEADY AERODYNAMIC RESPONSE IN AN 6
OSCILLATING CASCADE. I - EXPERIMENTAL AND THEO-
RETICAL RESULTS

. Performing Organization Code

. Author(s) 8. Performing Organization Report No.

Franklin O, Carta R81-914618-27

10. Work Unit No.

. Performing Organization Name and Address

United Technologies Research Center

Silver Lane 11. Contract or Grant No.
East Hartford, Conn. 06108 NAS3-22018

13. Type of Report and Period Covered

12.

Sponsoring Agency Name and Address 7 Contractor Report
National Aeronautics and Space Administration

Washington, D.C, 20546 14. Sponsoring Agency Code
J 510-55-12

. Supplementary Notes

Final report, Project Manager, Donald R. Boldman, Fluid Mechanics and Acoustics Divi-
sion, NASA Lewis Research Center, Cleveland, Ohio 44135,

16.

Abstract

Tests were conducted on a linear cascade of airfoils oscillating in pitch to measure the un-
steady pressure response on selected blades along the leading edge plane of the cascade,
over the chord of the center blade, and on the sidewall in the plane of the leading edge.
The tests were conducted at a constant inlet velocity of 61 m/sec (200 ft/sec) for all 96
combinations of 2 mean camberline incidence angles (oppeop, = 2 and 6 deg), 2 pitching
amplitudes (& = 0.5 and 2 deg), 3 reduced frequenciesNHg = 0,072, 0.122, and 0, 151
based on semi chord), and 8 interblade phase angles (o= 0, * 45, 90, + 135, 180 deg).
The pressure data were reduced to Fourier coefficient form for direct comparison, and
were also processed to yield integrated loads and, particularly, the aerodynamic damp-
ing coefficient, In addition, results from the unsteady Verdon/Caspar theory for cascaded
blades with nonzero thickness and camber were compared with the experimental measure-
ments, A compilation of all data obtained during the test program is presented in NASA
CR-165457, The three primary results that emerged from this investigation were: 1)
from the leading edge plane blade data, the cascade was judged to be periodic in unsteady
flow over the range of parameters tesfed, 2) as before, the interblade phase angle was
found to be the single most important parameter affecting the stability of the oscillating
cascade blades, and 3) the real blade theory and the experiment were in excellent agree-
ment for the several cases chosen for comparison. These are felt to be particularly
significant because 1) this was the first known test of unsteady periodicity in cascade, and
its verification lends credence to the” self-consistency of the data gathered herein, 2} the
cascade damping measurements continue to corroborate previous assessments of the im-
portance of interblade phase angle in controlling stability, and 3) the mutual agreement of
real blade theory and experiment represents an important milestone because it establishes
the validity of both.

. Key Words (Suggested by Author(s)) 18, Distribution Statement

Cascade aerodynamics; Unsteady cascade Unclassified - unlimited
periodicity; Cascade instability; Unsteady STAR Category 02
cascade theory; Interblade phase angle;
Unsteady flow; Oscillating airfoils; Tn-
steady pressure distributions

19. Security Classif. (of this report) 20. Security Classif. (of this page) 21. No. of Pages 22. Price®

Unclassified Unclassified 101 A06

*For sale by the National Technical Information Service, Springfield, Virginia 22161

NASA-Langley, 1982

i"\n X iE



